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VSUMMARY
Oxide solid solutions of the NiO-MgO, CoO-MgO and 
c ob al t-spin el  types have been prepared in high surface 
area form and studied in two specially designed and 
cons tr ucted pieces of equipment.
(a) a high vacuum catalysis and c h e m i so rption system;
(b) a 1 atm laborat or y flow reactor.
Reducti on  of the solid solutions in carbon mo nox ide 
and/or hydrog en  has yielded catalysts which are active 
in CO hydrogena tion. Catalysts consist ing of osmium 
carbonyl have also been prepared and studied for CO 
h y d r o g e n a t i o n  activity.
Ch em is orptio n c h a r a c t e r i z a t i o n  has revealed that 
whils t the qua nti ties of metal produced by reductio n of 
N i O -M gO or CoO- MgO  are very small, co ba lt - s p i n e l - d e r i v e d  
catal yst s contain larger amounts of metal comparable 
wit h conven tional metal catalysts. This is pr esume d to 
be due to the harsh red uc tion conditions ne ce s s a r i l y  
used with the spinel catalysts.
S el ec tiv ity to n o n - m e t h a n e  products is superior for 
the c o b a l t - s p i n e l - d e r i v e d  catalysts but the specific activity 
(turnover frequency) is very much less than that 
repor ted  for c on ve ntional  cobalt catalysts. It was not 
p os si ble to meas ure  the specific act iv ity of the MgO- 
based catalysts.
The osmium catalysts studied produced mainly methane 
at 1 atm but higher h yd ro carbons  were seen at 10 and 100 
atm. Some eviden ce has been found that the support p r e ­
treatment affects subs equ ent catalytic activity.
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11. I NTRO DU CTION
1.1. The Need for Alter nat ive Energy Sources
1.1.1. The Energy Problem
It has been realised for some time that the 
co ns u m p t i o n  of crude oil and its products is still 
rising worldwide, albeit at a slower rate than before 
the oil crisis of 1973, despite rising costs and a 
greater aware ness of the need to conserve n o n - r enewabl e 
energy resources.
It has been es ti mat ed* that at the rate of 
c on s u m p t i o n  preva lent in the early 1970's crude oil 
reserves would be ex hau sted by the middle of the next 
century. Even if the lower rate of c o n s u mpt io n seen 
after the oil crisis is maintained, the most optimis tic 
forec ast s would not extend reserves by more than 50 years.
It is di fficult to find a substitut e for crude oil, 
because a l t ho ugh it is only one of the major energy- 
pr ov idin g resources av ailable in the modern world it is 
used in many different  ways. The four major uses are:
( 1 ) as a fuel for transportation ;
( 2 ) as a feedstock  for the petroc h e m i c a l  industry;
(3) as a source of heat;
(4) el ec t r i c i t y  generation.
In the two latter cases it would appear to be relatively 
easy to limit usage by substitu ti ng n u c lear energy and 
develop in g energy c o n s e rv at ion technology. However, the 
need for an alt e r n a t i v e  to satisfy the former two 
requiremen ts  is overwhelming.
2Various pro cesses and tech nologies have been put 
forward to satisfy these needs and they fall into two 
main categories. The first involves the u t i l i zation of 
renewable energ y resources der ived from living material, 
i.e. biomass. The second involves the use of oil and 
pet ro leum  residues such as those found in tar and shale 
sands and the u t i l i za ti on of substances derived from coal.
1.1.2. Ren ew able Energy Resources
Ren ewable energy resources can be used in two 
dis tinct w a y s :
(1) the conv ersio n of organic mat er ial to methane, 
hy drocarb ons, alcohols or syngas (CO + H 2 ) 
using b i o c a t a l y t i c  or catalytic processes;
( 2 ) c o m b us tion and subsequent genera ti on of 
electricity.
Both of these processes are important and clearly any 
tec hn olog y which employs a renewable raw mater ia l is 
highly desirable. However, both processes are ham pe red 
by a raw material  whic h tends to be bulky and can be 
u nhygi en ic  (animal waste to methane).
It seems likely that bi o - e n g i n e e r i n g  techniques 
will play their part in pr ovi din g a significant 
c o n t r i b u t i o n  to energy  and chemical feeds tock needs in 
the future.
1.1.3. Shale and Tar Sands and Petro leum Residues 
P et roleum residues left after the refining of crude
oil and natu ral  shale and tar sands contain high 
m o l e c u l a r  weight carbon compounds which can be converted
3to useful fuels and chemical feedstocks. These 
materials represent another possible source of energy to 
supplement crude oil. Rel at iv ely large amounts of 
su lph u r - c o n t a i n i n g  species are present in pe troleum 
residues wher eas natu ral oil shales and sands contain 
sig nificant quantities  of n i t r o g e n - c o n t a i n i n g  compounds. 
The removal of these conta minants by appro pr iate 
catalytic reactions compl icates their use, but 
u ti li zation  of these substances to produce fuel appears 
to be viable, e special ly  in those parts of the world 
where a p p r e ci able qua ntities of shales and oil sands can 
be found.
1.1.4. Coal
Coal reserves w o r ldwide are about an order of 
m ag nitude larger than those of oil. For this reason it 
is a very important natural resource in the develo pment 
of a l t e rn ative energy sources to crude oil.
Wender ca teg orises five dif ferent processes by 
whi ch coal may be treated. These are:
(1 ) g a s i f i c a t i o n
(2 ) l iq uefact io n
(3) oxidatio n
(4) c a r b o n i z a t i o n
(5) p r o d uc tion of acety lene (via calcium carbide
or using a plasma arc)
Each of these processes  is important in produ cin g 
products of use to the chemical industry; for example, 
al iphat ic  alcohols and phenols can be made by the 
l i q u e fa ction of coal and oxidatio n produces aro matic
4acids. However, for the present thesis the process of 
gr eat est interest is coal gasifi cat ion.
The ov era ll  reaction of coal g a s i f icat io n can be 
des cr ib ed as
Coal + O 2 + H 2 — ^ CO + H 2 + C O 2 + CH^ (1)
After removal of the C O 2 and CH^ (the quantities  of CH^ 
and C O 2 can be reduced by increasing the temperat ure), a 
mi xture of CO and H 2 (syngas) is left which is then used 
as a f e e d st ock for further reaction. The ratio of CO to 
H 2 can be alte red by means of the water gas shift 
react ion  shown below:
CO + H 2 0 = C 0 2 + H 2 (2)
Syngas is used for three main types of reaction; 
these are m et ha nation , F i s c h e r - T r o p s c h  synthesis and 
m e t h a n o l  synthesis. All of these reactions involve the 
use of catalysts.
1.2. Catalysis
The term cat al ysis was first used by Ber zelius in 
1836. It was said to occur if a chemic al process is 
speeded up by entitie s which ideally are not themselves 
c o n s u m e d .^
Catalysis allows a chemical process to pro ceed via a 
route of lower a c t i v a t i o n  energy than is otherwise 
possible. Many reactions, although t h e r m o dy namica ll y 
possible, will not proceed at any m e a s ur able rate 
wi thout  the aid of catalysts.
5Catalysis can be divided into two major types:
( 1 ) h e te ro geneous  catalysis, where the catalyst is 
present in a different phase from the reactant 
m o l e c u l e s ;
(2 ) h om ogeneo us  catalysis, where the catalyst is 
in the same phase as the reactant molecules.
Al thoug h the chief reaction of interest in this 
work (CO h y d r o g e n a t i o n  to hydroc ar bons) can be 
h o moge ne ously catalysed, in this thesis only 
h e tero ge neous catalysis where the catalyst is in the 
solid phase and the reactants initi all y in the gas 
phase will be considered.
1.3. M e t h a n a t i o n
Met hanation, the reaction of oxides of carbon to 
m et han e using heterog en eous catalysis, is a reaction of 
con sid erab le  industrial importance, for example in the 
pr oduct io n of substitute natural gas (SNG).^ The 
overall process is described by the equation:
CO + 3 H 2 = C H 4 + H 20 (3)
althou gh other st oic hi ometrie s are possib le under certain 
cir cum stan ce s. Over a wide range of te mperature the 
th ermody namics of the above reaction are favourable.  ^  
Nickel is the catalyst which  is most often cited 
as a good me th a n a t i o n  catalyst as under most operati ng 
conditions it produces very small amounts of C 2 and 
higher products. Typical operating conditions for a 
co mm erci al  nickel m e t h a n a t i o n  catalyst are 523 - 723 K
6and 1 - 7  MPa. Many catalyst systems based on nickel 
have been i nv es tigate d and de sc ribed in the li ter a- 
t u r e .7' 12
The m e c h a n i s m  of the rea ct ion of CO and hy dro g e n  to 
m e t ha ne has receive d less at t e n t i o n  than the reaction to 
higher  h yd ro carbon s (the F i s c h e r - T r o p s c h  synthesis) but 
muc h of the work which has been carried out is relevant 
to both types of reaction.
An early theory put forward for h ydroca rb on
1 ^synthesis by Fi sc her and Tropsch has also been used to 
ex plain m eth an at ion. They propos ed that CO was adsorbed 
and reduced to carbide. This carbide was then 
co nsidere d to be h y drogena te d to meth yl ene groups, 
followed by further hydro g e n a t i o n  of the met hyle ne  
groups to methane. The carbide theory was subs equently 
mo difie d by vari ous  workers, inc luding Craxford and 
R i d e a l ^ ^ >^  who refined the theory to refer to a surface 
carbide being involved rather than the bulk carbide 
pr opo se d by Fischer and Tropsch. This m e c h a n i s m ^  is 
shown s c he ma tical ly  in Scheme 1.
This theory lost popu larit y because it failed to 
ex pl ai n various asp ects of product sele ctivit y in 
F i s c h e r - T r o p s c h  synthesis, in p a r t icula r the type of 
b r a n ch in g observed e x p e r i m e n t a l l y  and the formati on of 
ox y g e n a t e d  products . ^
Various other mech anisms  have been proposed.
The following account, althou gh  not exhaustive, 
indicates most of the me ch a n i s t i c  features desc ri be d in
7Scheme 1
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the literature.
18Vlasenko, Rusov and Kozub proposed a mechan is m 
involving an adsorb ed [H2 ]*~ anion and an adsorb ed [C0]+ 
cation. The basic steps are shown in Scheme 2.
Scheme 2
M e c ha ni sm  of M e t h a n a t i o n  Proposed by Vlasenko et al
M + e ” + H 2  > [ M - H 2 ]“
M + CO   > [ M-CO ]+ + e"
[ M-CO ]+ + [ M - H 2 ]“ ---- » [ M- HC O H  ]+ + e" + M
[ M-HCOH ]+ + [ M - H 2 ]"---- » M - C H 2 + H 2 0 + M
M-CH 2 + [ M - H 2 ] “  » C H 4 + e" + 2M
M represents a vacant metal site
Va nnice ^ raises objecti ons to this scheme on the grounds 
that for catalysis by iron the charges shown for the 
ad so rb ed CO and H 2 species are the opposite of those
(R D S )
81 Qnor m a l l y  assumed to e x i s t 17 on Fe surfaces.
Mechanisms have also been proposed which involve an
2 0 21H 2 CO adsorbed species, and the one proposed by
Vannice shown in Scheme 3 is typical.
Scheme 3
21Mec ha nism  of M e t h a n a t i o n  Proposed by Vannice 
H 2 (g) + C0(g) ---> H 2C 0 (ads)
H 2C0 ( a d s ) + y /2 H 2 ( a d s ) — *  CHy(ads) + H 2° (RDS)
CHy (a d s ) + H 2 ( a d s )  * C H 4
RDS = rate d et erminin g step
The first step is an overall rep r e s e n t a t i o n  of the 
combin ati on of initially gas phase H 2 and CO to adsorb ed  
H 2 CO and is presumed to occur via H 2 (a(js ) and C0 ^a(js ) 
species. Vannice dev eloped his idea with a m a t h e m a t i c a l  
der iv at ion of rate equations whi ch he cor rela te d with 
the standard form of power rate law shown below.
N ( C H 4 ) = A(exp -Ea /RT) [pH ]x [P c 0 ]y (4)
where
N(CH^) is the turnover frequ enc y for met hana tion, A 
the pr e-exp o n e n t i a l  factor, Ea the apparent 
a ct iva tio n energy, pjj the partial pressure of 
mo le cula r hydrogen, p^Q the partial pressure of CO 
and x,y are e x p e r i m e n t a l l y  derived numbers.
From a comparison of ca lc ula ted and e x pe riment al  values 
Vannice concluded that the CO b o nd -breaki ng  in the CHOH 
adsor bed  species is the rate d et erminin g step 
(Scheme 3) and the number of hydrogen atoms involved in
9this step lies between 1 and 4 for the Group VIII 
metals.
2 2 2 3Other me chanisms have been proposed, * 
al th ou gh often they were primari ly  designed to 
explain the fo rmation of higher carbon number products 
and will be disc ussed in a later section. In nearly 
all cases a CHOH adsorbed species is proposed and it is 
the subsequent breaking of the C-0 bond which leads to 
methane formation.
Recently, more informat ion about the nature of the 
a d s o rp ti on of CO on Group VIII metals has been de sc ribed in 
the l i t e r a t u r e ^  and clear eviden ce of the 
di ss ocia ti on  of the molecul e is seen at tem peratures 
greater than about 350 K. The situa tio n has been
0  fireviewed by Ponec who con cluded that at temperature s 
of interest in m e t h a n a t i o n  and Fis c h e r - T r o p s c h 
synthesis, "CO can always be ads orb ed and dis so ciated on 
the metal surface" (in this case nickel). Ponec 
concludes that, when con side ri ng me th anati on, surface
adsorbed carbon is heavily involved. He cites eviden ce
13 2 7for this from C studies carried out with Araki which
1 3showed that when C carbon was dep os ited on a nickel
1 )surface and then after e v a c uation ■LiJ,C / H 2 was admitted)
1 3the catalyst Initially produced meth ane containi ng C
1 o
at a greater rate than it produced C containing 
methane. This was taken to imply that a mec h a n i s m 
similar to that proposed by Fischer inv olving an 
adsor bed  carbon species was dominant and that the 
a dso rbed CHOH species could only be of secondary
10
importance in methanati on . Other work on the
chemisorpt io n of CO and hydrogen includes that of
2 8Wedler, Papp and Schroll, who found evidenc e for the
interaction of CO and hyd rogen on surfaces by observi ng
an increase in the heat of adso r p t i o n  of hy dr ogen when
CO was present. However, they could not find any direct
evidence for a CHOH type complex, whereas Palazov,
29Kadinov, Bonev and Shopov have obtained evidenc e for 
CO -h ydro ge n surface complexes of various s t o ichiome tr ies 
based on IR ref lect an ce studies.
Before leaving this topic it is important to 
note that the a d s o r p t i o n  of hyd ro gen on most metalli c 
surfaces is now g e n e ra lly co nsidered to be activated.
on
Ba rtholom ew and Zo wt ia k have carried out a 
co mpr eh en sive inves t i g a t i o n  and found that the 
ac tivatio n energy for ads orpt io n varied dep ending on the 
support used and the loading of the catalyst. This is 
relevant when using hydrogen to measure metal surface 
areas (see Section 4).
Many workers have me asured ki ne tic parameters, but
O 1
the study due to Va nni ce  of the Group VIII metals is 
probably the most comprehens ive. Apparent act i v a t i o n  
energies were me a s u r e d  and fell into the range 70-115 
kj mol~^ , the lowest value being due to Pt and the 
largest due to Co. The depe ndence of the rate of 
reaction on the partia l pressu re of hydroge n (x in 
Equation 4) was in the range 0.77-1.60, the highest 
value being for Ru and the lowest for Ni. The 
c o r r e spon di ng CO de pe ndent values (y in Equation 4)
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ranged from -0.6 for Ru to +0.1 for Ir.
Turnover frequencies were in the range 
2 - 200 x 10~3 s_ 1 , the order of ac ti vity being 
Ru > F e > Ni > Co > Rh > Pd > Pt > Ir.
o o
By comp ar ison Reuel and B a r t h o l o m e w  obtained
values between 137 and 295 kJ m o l ” * as the apparent
a c t i v a t i o n  energy for m e t h a n a t i o n  over C o / A l 2 0g
catalysts of various loadings. They found turnover
-  3 —  1fr equ encies to be in the range 0.8 - 8 x 10 s .
Many of the points raised conc erning m e t h a n a t i o n 
also apply to the F i s c h e r - T r o p s c h  synthesis and this 
process will now be reviewed.
1.4. The Fi sc her - T r o p s c h  Synthesis
1.4.1. Th er mo dynamics
When a syngas (CO + H 2 ) mi xt ure is passed over a 
cataly st to produce hyd roca rbons of C2 and above the 
process is referred to as the F i s c h e r - T r o p s c h  synthesis. 
The name also covers the fo rma tion of oxygenated 
products such as alcohols. Typical reactions are:
nCO + ( 2 n + l ) H 2  > Cn H 2n+2 + n H 2° n>1
nCO + 2 n H 2-------- --- > Cn H 2n + n H 2° n>1
nCO + m H 2 1 > Cn -oxy ge nates  n>l (7)
al th ou gh by in corporating the water gas shift reaction 
C 0 2 can be shown as the by- product rather than water. 
This is relevant for those catalysts which fac ilita te 
this reaction.
The F i s c h e r - T r o p s c h  reaction has been of great 
com me rc ial interest over many years. During World
12
War 2, Germany produced a large percentage of Its 
petroleum requirements from operating Fischer-Tropsch 
plants. More recently, South Africa, a country where 
coal reserves are relatively large, has operated its 
SASOL plants to manufacture synthetic petroleum and a 
range of other products for the petrochemical industry.
Fig. 1.1 shows the free energy of formation of 
methane and higher hydrocarbons and is taken from a 
review by Denny and Whan.^
As can be seen the free energy of formation of CH^ 
is negative up to about 900 K whereas the free energies of 
formation of all the other hydrocarbons are positive at 
this temperature. For this reason as the temperature is 
increased methane becomes the thermodynamically favoured 
product, lower temperatures tending to favour the 
production of C 2 and higher hydrocarbons.
Figure 1.1
Free Energy of Formation of CH  ^ and Higher Hydrocarbons
v -------- p ethanol
O ------- O  methanol
+ --------♦  acetylene
*  -— «  benzene
A-------- a  propylene
 • ---------•  ethylene
£00 600 800 1000 
T/K
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A catalyst is required to give an a ccep ta ble rate 
of re action and also to improve s elec ti vity towards a 
pa r t i c u l a r  product or products.
1.4.2. Catalysts for F i s c h e r - T r o p s c h  Synthesis
The catalysts most effective in the Fis c h e r - T r o p s c h
3 3synthesis are Group VIII metals. These metals can be 
c on ve nientl y split into the plat in um group metals (R u , 
Rh, P d , Os, Ir and Pt) and the three other important 
catalysts, Fe, Ni and Co.
1.4.2.1. Platinum Group Metals
Of this group ruthenium is the most active metal
and it is also the most selective (under most
conditions) towards n o n - meth an e products.
Ru t h e n i u m  has been used for a c o n s i dera bl e time to
form waxes of very high mo lecular  weight. The
conditions of this synthesis are low tempera tu re and
high pressure and the reaction of CO and hydro ge n over
reduced ruthe nium under these conditio ns is referred to
as the polymeth yl ene s y n t h e s i s . ^  Rut henium is also
active as a catalyst under many other conditio ns of
temperat ure and pressure. For example, A n d e r s o n ^  cites
a catalyst composed of 0.5% ruth eni um on alumina
operated at 495 K ( C O : H 2= l : 3 ) which produced 40% (by
weight) of methane and 47% of Cg and above hydrocarbons.
3 5Kellner and Bell investigated the effect of d i s p er si on  
on the cat alytic ac t i v i t y  of R u / A ^ O g  catalysts.
They found that when the d ispers io n (see later) was 
less than 0.7 the a c t iv it y and higher h y d r o ca rb on
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s el ec tivity  fell with incr easing dispersion. Under
cer tain h y d r o g e n a t i o n  condi tions (low temper atu re and
high pressure) rut he ni um cat alysts form car bonyls which
(unlike Fe carbonyls) are not active in F i s c h e r - T r o p s c h
synthesis. As far as is possible  reacti on conditions
must be used whic h limit or e l i mi nate the formation  of
these carbonyls. The method of p r e t rea tm ent of the
catalyst appears to have some effect on the rate of
car bon yl formation.
All the other Pt group metals are less active than
2 1rutheni um  in CO hyd ro genation. Vann ice found that 
the turnover fr equ ency for CO in CO h y d r o ge na tion at 548 
K was about 20 times less for rhodiu m and palla di um and 
approx i m a t e l y  100 times less for pl at inum and iridium. 
Quantities of methane in the products were also much 
greater. Iizuka, Tanaka and Tanabe studied CO 
h y d r o g e n a t i o n  over R h / Z r 0 2 > R h / A ^ O g ,  R h / S i 02 and 
Rh/MgO and found the activity  to be greatest on Z r 02 and
O £
least on MgO supported rhodium. ° Of the other metals in
this group osmium is of p a r t ic ular interest since it has
been studied in this work.
17Deeba et al have reported on a catalyst pre pa red 
from O s g ( C O )22 supported on MgO w h i c h  was active in CO 
hy d r o g e n a t i o n  both prior to and after oxida ti on in air. 
From infra-red studies the active sites app ear ed to be 
tri-nucl ear and m o n o n u c l e a r  osmium ca rbo nyl species.
Other work on osmium includes that of Kn o z i n g e r  and
O Q
Zhao who prepared O s / A ^ O g  catalysts from various 
osmium carbonyls. They found that wh ilst osmium was
15
less active than a comparab le Ru catalyst by one order 
of ma gn itude the se lectivi ty to C£ and C 3 hydr oca rbons 
was better.
o q
Psaro, Ugo and Zanderi ghi studied osmium 
catalysts d e r ive d from Os car bonyls supported on silica 
and alumina and found the res ulting catalysts to be 
highly sel ec tive towards methane. Kn b z i n g e r  and 
o t h e r s ^  used os mium  catalysts derived from Os(CO)^ 
supported on al umina and reported that those cat alysts 
which were re duc ed to give Os metal ag gr e g a t e , a n d  gave 
better chain g r owth p r o b a bility  than previous work on 
ensembles of three or less atoms.
1.4.2.2. Iron
Iron is an important catalyst in the Fis cher-  
Tr opsch  sy nth esi s and much work has been reported in the 
literature. It is of note that the only c om me rciall y 
ope ra ting  F i s c h e r - T r o p s c h  reactors, the SASOL plants in 
South Af ric a^* , use Fe catalysts.
Unlike Co and Ni where carbides are not eff ective 
catalysts, iron forms carbides easily at normal Fis c h e r -  
Tr opsch o p e ra ting tempera tures and these carbides are 
active in the p r o d u c t i o n  of products. Nitrides and 
other compo und s such as borides are also active and the
1 ftfield has been review ed by Anderson .
1.4.2.3. Nickel
As p r e v i o u s l y  stated, nickel is pri marily a 
m e t h a n a t i o n  catalyst, a l t hough when used on certain 
supports n o n - m e t h a n e  products can be significant.
Vannice and G a r t e n ^ 2 supported Ni on T i 0 2 , S i 0 2 ,
A I 2O 3 and graphi te and found the catalysts supported 
over T i 0 2 to be the most active and have the best n o n ­
methane selectivity; a 10% w/w N i / T i 0 2 catalyst 
ope rating at 524 K ( C 0 : H 2 1:3, 1 atm) produced 50 mol% of 
and higher hydroc arbon s.
Ba rtholomew, Pannel and B u t l e r ^  used nicke l on 
A 1 20 ^ , S i 0 2 and T i 0 2 and consi dered that the C 2 
selec tiv ity depended to some extent on the dis pe rsion of 
the metal for those catalysts supported on silica and 
a l u m i n a .
O I
Vannice in testing all the Group VIII metals used 
a 5% N i / A l 2 0g catalyst, and ach ieved a n on -methan e 
s ele ctivity  of about 20 mol% when using a C 0 : H 2 ratio of 
1.25:1. When larger amounts of hyd ro gen were present in 
the stream the amount of no n- methane  products fell. 
Vann ice  also showed that after Ru and Fe, nickel was the 
next most active metal for both the prod uc tion of 
meth ane  and in terms of molecules  of CO reacted per 
active s i t e .
1.4.2.4. Cobalt
Cobalt was one of the mat erials used e x t e nsi ve ly in 
early work on F i s c h e r - T r o p s c h  synthesis. A mixed 
C o / T h 0 2/k ie sel guhr catalyst was the final choice for the 
F i s c h e r - T r o p s c h  plants operated in Ge rma ny during World 
War 2. More recently, cobalt has been less in tensive ly 
in ves tigated, but even so a number of relevant studies 
have been reported wi thin the last ten years.
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Palmer and V r o o m ^  Inve stigated the ac tivity of Co
(and nickel) foils and pos tul at ed that the temper ature
of final reduction had a very si gnificant  effect on the
11ac t ivi ty  of the resultant catalyst. Vann ice has 
compared the acti vi ty of cobalt sup ported on A ^ O g  with 
that of all the other Group VIII metals, except osmium, 
and found cobalt to be less active than nickel but more 
active than the Pt group metals except Ru; the 0>2 and 
higher h y d r oc arbon selectivit y was however superior to 
nickel, as expected.
Bartholom ew  and R e u e l ^ * ^  have inv esti gated cobalt 
catalysts supported on TiC^, SiC^, A ^ O g  and MgO and 
found that the specific activi ty  decre ased in the order 
shown above. They also postulat ed that the specific 
activit y of Co de creased with increasing dispersion.
Other recent papers include the work of Moon and 
Y o o n ^  who have inv esti gated the kinetic s of CO 
h y d r o g e n a t i o n  over vari ous C o / A ^ O g  catalysts and have 
suggested that cobalt oxide present in the catalyst 
surface has an effect on the observed cat alytic
A Q
properties. Vanhove, Zhuyong, Makambo and Blanchard have
inv est igat ed  the effect of support por e-size on
h y d r o ca rbon chain length. Agrawal, Katzer and 
U 9Ma nogue have studied the d e a c t ivati on  of cobalt 
catalysts as a function of time, al thoug h with special 
ref erence to met hanation.
Of pa rt icu lar signifi ca nce to the present work is 
the study by Highfield, Bossi and Stone^® on reduced 
solid solutions cont aining cobalt, which will be
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discussed later.
1.4.3. Mecha ni sm of the F i s c h e r - T r o p s c h  Reacti on
There are many similariti es  between the mech anism 
of the F i s c h e r - T r o p s c h  reaction and the simpler 
m e t h a n a t i o n  reaction, the esse nt ial diff erenc e being that 
in the case of higher h y d r o c a r b o n  form ation  carbon- 
carbon bonds are produced.
A number of reviews^ >51-53 sum marizing the
li te rature have been wr itten and the informati on 
presented here is a brief outline of the proposed 
m e c h a n i s m s .
1 3As prev iously stated, Fi scher outlined the first 
proposed me c h a n i s m  for the F i s c h e r - T r o p s c h  reaction and 
his ideas were s u b s e quent ly  mo d i f i e d  and refined by 
Craxford and R i d e a l * ^ - ^ .  They pro pos ed that hydrocarbo ns  
could be formed from surface arra n g e m e n t s  of meth ylene 
groups as shown below:
Methylene groups on "M a c r o m o l e c u l e " (only
surface four groups shown
but model suggested 
long chains of this 
type) .
These adsorbed "macromo le cules" could then be dislodged 
by interaction with hy d r o g e n  to give hy dr o c a r b o n  chains 
of variable length. After this m e c h a n i s m  lost favour 
(Section 1.2), various mec ha ni sms involving first 
m o l e c u l a r l y  adsorbed CO and s u b s e quently  hy dro g e n a t i o n  
to an adsor b e d - C H O H  species were pro posed . ^ ^
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Currently there are three main proposals for a 
m e c h a n i s m  for the F i s c h e r - T r o p s c h  synthesis and these 
are outlined below. Variations  on these have also 
been proposed but they are not con side re d here as they 
do not s i g n i f i c a n t l y  alter the basic reaction types.
(1) The Enol Me c h a n i s m
Althoug h many var ia nts exist the basic steps are shown 
in Scheme 4 and are ge ne rally ascribed to Storch,
r% O p /
Golombic and Anderson, although  Eidus has proposed a 
very similar mechanism.
Scheme 4
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One of the problems of the above is that the adsorbed 
alcohols shown have seldom been observed to exist. 
Moreover, reactions of this type (condensation) do not 
occur in orga no m e t a l l i c  compounds, a l t ho ugh similar 
reactions are seen in organic co nd e n s a t i o n  r e a c t i o n s .^
(2) The CO Insertion Me ch anism
This m e c h anis m involves the ins ertion of a CO molecule  
b et ween a surface metal atom and an adsorbed alkyl 
group or a hydrog en  atom. The main propone nts of this 
type of me c h a n i s m  have been Pichler and S c h u l z . ^  The 
important steps are shown in Scheme 5, where the final 
product of the insertion reaction can again undergo 
insertion leading to the gr owth of the h y d r oca rb on 
chain. In Scheme 5, R rep resents either an alkyl group 
or a hydrog en  atom.
Scheme 5 
The CO Insertion M e c hani sm
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(3) The M e c h a n i s m  Involving Dis so ciate d CO 
Cer tain of the catalysts widely used in the Fischer- 
Tr op sc h synthesis have the ability to disso ci ate CO to
ad so rb ed carbon and oxygen atoms even at room
t e m p e r a t u r e ^  and this has led to the deve lo pment of
an al t e r n a t e  mec h a n i s m  which does not involve an
o xy ge nated species di rectly in the form ati on of 
h y d r o ca rbons.  The main points are de scribed in Scheme 6 .
Scheme 6
The D i s s o c i a t i v e  Me c h a n i s m  for the F i s c h e r - T r o p s c h  Reaction
C 0














I I 2 or | 3
M , M M
chx c h 2
If the two carbon atoms are adsorbed on the same site 
the process would be:
CHy c h 9 
\  /
M
CH C H 9
I 2
M
In many respects the me c h a n i s m  is similar to that 
pro po sed much earlier by Fischer and by Craxford and 
R i d e a l .
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Recently more evidence that a mec h a n i s m  involving 
dissociated carbon is important has been reported both
for m e t h a n a t i o n  (see Section 1.2) and for the Fischer-
9 fi
Tropsch synthesis. Ponec has sug gested an 
i n cons is tency of the enol mechanism. In order to 
function the me c h a n i s m  requires adjacent metal sites to 
be present on the catalyst surface. For this reason it 
would be expected that activity for n on-met ha ne 
pr o d uction  would be lower over alloys than on pure metal 
catalyst surfaces. From work carried out using nickel  
this is not found to be the c a s e . ^  Ponec goes on to 
point out that if CO is removed from the reaction 
mixture while CO hy dr o g e n a t i o n  is being carried out the 
prod uct ion of methane continues at an initially grea ter  
rate but the forma tio n of any other products of higher 
carbon number ceases almost immediately. This second 
point, he proposes, indicates that CO must be imp ortant to 
the produ ction of higher hyd rocar bons. Bearing in mind 
these points, Ponec has put forward a me c h a n i s m  whic h is 
a co mbi nation of previous ones. The main points are as 
f o l l o w s .
(1) CO dissociates and the adsorbed carbon so pro du ced 
is partially h yd ro genated  (the same steps as are 
shown in Scheme 6 ) to produce C H X species.
(2) CHX species grow into longer chains by a CO 
insertion step (as in Scheme 5) followed by partial 
h y d r o g e n o l y s i s . Oxygen can be lost prior to or 
during insertion.
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(3) Chain growth is ter minated by hydrogen. The 
m e c hanism as proposed appears to satisfy many of the 
expe ri me ntal ob servations  of the F i s c h e r - T r o p s c h  
synthesis reaction, in p a r t ic ul ar the evidence for some 
CO dissoci at ion on the surface and the fact that higher  
h yd ro carbon  forma tion is severely affected by removi ng  
CO from the gas stream.
The me c h a n i s m  which Ponec suggests is supported to 
a greater or lesser extent by a number of papers whi ch 
support the view that the d i s s o c i a t i o n  of CO is an 
important m e c h a n i s t i c  s t e p JO OJ al t h o u g h  workers differ 
on the nature of the steps after hy dr o g e n a t i o n  of 
adsorbed carbon to CHX species.
In summary there is still some considera bl e 
disagreem en t on the mec h a n i s m  of the F i s c h e r - T r o p s c h  
reaction and the true m e c h a n i s m  co ver ing all pos sible 
products is likely to be a complex mixture of possible  
surface reactions. It does seem probab le that the 
mech a n i s t i c  steps as de scribed do play their part, in 
p ar tic ula r the d i s s o ci ative adso r p t i o n  of CO (the 
Bo udouard reaction 2C0 = C O 2 + C occurs at high 
temperatures over most of the catalysts mentioned) but 
muc h work remains to be done in this area before any 
definit ive  conclus ions can be reached.
1.5. Solid Solutions as Catalysts
A solid solution has been defined as "a 
hom og en eous mixture of two solids which is not a 
compound because its c ompo si tion may vary wi thi n ce rtain
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l i m i t s " . ^  Thus all alloys are solid solutions as are
all carbon steels. However, in this work interest is
directed at one part icular type of solid solution,
specifical ly  those where a t r a n si ti on metal oxide is
dissolved in a suitable inert oxide.
Oxide solid solutions have been studied ext ens iv ely
and have been propose d as ideal model catalysts for
fi soxide catalysed reactions by Stone. The catalytic 
properties of oxide solid solutio ns have been reviewed
fiby Vickerman, who lists MgO, c o r u n d u m - p h a s e  A ^ O g ,  and 
ZnO amongst the most commonly used solvent oxides for 
cat alyti ca lly active metal oxides. These three oxides are 
used owing to their lack of inherent chemical activity. 
Other oxides which  have been used as solvents include 
structures of the spinel type, T i 02 and Sn0 2 » Work 
carried out on MgO solid solutions con tai ning Ni and Co 
ions will be reviewed first.
1.5.1. CoO-MgO and NiO-MgO Solid Solutions
Charact e r i z a t i o n  studies of Ni O - M g O  and CoO-Mg O
have been carried out by workers in the U.K., Italy,
U.S.S.R. and Poland. Cimino, Lo Jacono, Porta and
V a l i g i ^ * ^  carried out work on Ni O- Mg O and CoO-MgO
solid solutions and showed by X-ray and mag ne tic
mea su re ments that true solid solutions were formed by
2+ 2+these systems, i.e. inco rp oration  of Ni and Co ions 
into the MgO lattice had taken place and no separate NiO 
or CoO phase was present.
Determ i n a t i o n  of the surface c o n c e n t r a t i o n  of the
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tr ansition  metal ions (in future TM will be used to 
represent transit ion metal) was compared to the 
co nce n t r a t i o n  in the bulk using a variet y of techniques.
The report ed co ncl usions of different  wor kers tend to
fi Qcontradict. Bunina and Sazonova using NO ad so rption
2+con cluded that the conce n t r a t i o n  of Ni ions in Ni O-MgO
was the same in the bulk as on the surface, whereas Kluz
and J a g i e l l o ^ ® , using a chemical  method, con cluded that
2 +the surface co nc en t r a t i o n  of Ni was s u b s t an tially  less
7 2 7 3than the con ce n t r a t i o n  in the bulk * . However,
7 2 7 3Cimino et a l . ’ have applied p h o t o - e l e c t r o n  s p e c t ro sc opy to
this problem, and their conclusi ons agree e ssentia ll y 
with  Bunina and Sazonova.
Much of the work on NiO -MgO and CoO-MgO solid
solutions has been carried out on low surface area
2 —  1samples, typ ically less than 20 m g  . Hagan,
Lofthouse, Stone and T r e v e t h a n ^  prep ared high surface
area Ni O-M gO  and CoO -Mg O solid solutions (40-300 m ^ g ” *)
and char ac te rised  them. They showed that true solid
2+ 2+solutions with Ni and Co in o ct ah edral co ord i n a t i o n
had been formed. They did ho wever note the presence of 
2+Co in te tr ahedral co or d i n a t i o n  near  the surface of
the cry sta llites. Their work fully c haracte ri sed the
surface towards a ds or ption by C O 2 , O 2 and H 2 O vapour.
2 +Dyrek and Sojka have reported Co in tetrahed ral 
c oo rd inatio n within the bulk of the solid s o l u t i o n ^ .
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1.5.2. Rea ctions Catalysed by Solid Solutions
Various reactions can be ca tal yse d by oxide solid 
solutions and by varying the c o n c e n t r a t i o n  of the 
tr ansition metal ion e l e c tron ic  effects be tween cations 
can be recognised. The d e c o m p o s i t i o n  of N 20 ^ * ^  over 
NiO- MgO  and Co O-MgO was studied by Cimino and c o ­
workers, and an increase in the ac t i v i t y  per TM ion was 
seen when the con ce n t r a t i o n  of either Ni or Co was
reduced in the solid solution. Cimino, Pepe and 
7 8Indovina have investiga te d the oxid at ion of CO over
Co O-MgO and found in this case the ac tiv i t y  per metal
ion remained constant and was indep end ent of
7 Qc on ce ntration. Kluz and W o j t a s z c z y k  reporting
experi men ts using the same reacti on over a similar solid
solution catalyst found that varying the percenta ge of 
2+Co in a tetr ahedra l e nv ironme nt  in the solid sol ution
(Sc hottky defects) had no effect on the activity.
Other reactions reported in the literat ure include
8 nthe decom p o s i t i o n  of i s o p r o p a n o l 0 u and the oxid at ion of 
81 8 2hydrogen. ’ Interpretations of the beh av iour of 
oxide solid solutions as catalysts have been put forward 
by Kung®^ and Pomonis and Vic ke rman.® ^
1 . 5 . 3 . Spinel Solid Solutions
Far less work has been reported on systems where
spinel is the solvent. C h a r a c t e r i s a t i o n  of N i - M g A ^ O ^
8 5has been reported by Porta, Stone and Turner and more
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8 6 8 7re ce nt ly Angeletti, Pepe and Porta ’ have
charac t e r i s e d  the cation distfcibution in C o - M g A ^ O ^  and
its act i v i t y  for N 2 0 de com posit ion. The general
conc lu si ons reached indicate that in Ni-Spinel systems,
the nickel ions are p r e d o m i n a n t l y  octa he drally
2 +distributed , with the fraction of Ni ions in
tetrahedr al  sites being be twe en 0.22 and 0.10. For
cobalt spinels the reverse is the case, with the 
2+fraction of Co ions in te tr ahedra l sites lying between
0.75 and 0.82. Cimino and Schiavell o have reported on 
the ac t i v i t y  of Ni-Mg A 1 20<j and the de comp o s i t i o n  of
n 2o .88
1.6. Reduce d Solid Solutions as Sup ported Metal Catalysts
In contrast to the large amoun t of work published 
in the li te rat ure conc erning  cata lysis  by oxide solid 
solutions, very little work has been carried out on 
reduced solid solutions, the only published  work to date 
being that of Stone, Highfield  and Bossi^® using NiO-MgO 
and CoO-MgO. The use of reduced solid solutions as 
me t a l l i c  catalysts was proposed as an a l t e rn ative route 
to highly  dispersed support ed metal catalysts.
In a solid solu tion such as CoO-ZnO, CoO-Mg O or 
C o - M g A ^ O ^  the ca t a l y t i c a l l y  active metal exists as ions 
in eithe r tetrahedral, octahe dral or both types of site 
de pending on the nature of the lattice used. A solid 
so lut io n with a large c o n c e n t r a t i o n  of solute ions 
(normally TM ions) will on re duction  yield a 
c o r r e s p o n d i n g l y  large qu ant it y of surface metal
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sup ported on the deplete d solid solution. The resulting 
catalyst will be similar to a co n v e n t i o n a l l y  supported 
metal catalyst on an inert oxide support.
The situat ion is altered when the conce n t r a t i o n  of 
the TM ions in the solid sol uti on is low. The surface 
of the solid solu tion contains only a re la tively small 
number of TM ions int ersp ersed be tween oxygen anions and 
solvent cations. On reduc tion the metal atoms formed 
are dispe rsed on the depleted oxide solid solution 
surface and al th o u g h  at red ucti on  temp era tures some 
mobi li ty  and a g g r e g a t i o n  will take place, the resulting 
supported metal catalyst will tend to be much more 
highly dis persed than one pre pared  by con vent ional 
impregnation methods.
By reducing the c o n c e n t r a t i o n  of TM ions to a low 
level it was hoped that a t o m i c a l l y  dispersed metal atoms 
could be produced wh ic h might have quite dif ferent 
catalytic activi ty  and s electi vi ty to larger metal 
particles. If very small par ticles were pro duced metal 
support interaction s would be easier to in ves tigate in 
detail. By var ying the c o n c e n t r a t i o n  of the original 
solid solution and paying careful a t t e nt io n to 
controlling the reduct io n it was hoped that the particle 
size of the metal might be varied and its effect on 
catalytic activ it y might be determined.
Fig. 1.2 sche m a t i c a l l y  compares a conv en tional  
supported metal catalyst with one produc ed by reduction 
of a T M -conta in ing oxide solid solution. Alt ho ugh 
Fig. 1.2 indicates some of the differences be tween a
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s o l i d - s o l u t i o n - d e r i v e d  catalyst and a c onvent io nal one, 
an oth er factor which has to be taken into con si deratio n 
in the case of the reduced solid solution is the nature of 
the reducti on conditions applied to the catalyst 
precursor.
89From results obtained by H i g h field and Stone it 
would appear that solid solutions which are dilute in TM 
ions (<5 mol %) are c o nsider ab ly more dif ficult to 
reduce than those wh ich are more concentr ated, owing to 
the very signif icant  st a b i l i z a t i o n  of the TM ions in the 
inert oxide lattice. In order to reduce dilute solid 
solutions, rela tively harsh conditions must be employed, 
but these very conditions give the reduced metal formed 
greater surface m o b il it y with a greater chance of 
a g g r e g a t i o n  into larger metall ic  particles taking place. 
The reverse Is true with more c oncentr at ed solid 
solutions whi ch behave more like bulk metal.
In order to produce small parti cle s of metal on the 
surface of the depleted solid solution, a balance must be 
achieved be tw een using too low a c o n c e n t r a t i o n  of TM in 
the solid soluti on (and hence the need to employ harsh 
reduction conditions) and using too high a c o n c e nt ration 
of T M , as the re lative ly  large amounts of metal at or 
near the surface will tend to result in formati on of 
large particles).
It should be noted that Hig hfiel d et al. do not 
assume that all the metal reduced is removed from the 
lattice of the solid solution. They suggest that some 
reduced materia l remains embedded in the surface of the
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Figure 1 .2
Schematic Re p r e s e n t a t i o n  of the Surface of Conventional 
and Solid Solution Derived Supported Metal Catalysts
(a ) Co nventiona l Supported Catalyst
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solid as isolated atoms. These may well have their own 
catalytic properties.
1.6.1. M e a s ure me nt of Disp ers ion
This topic will be treated in a qua ntitat iv e 
fashion later (Section 4.1.3.) but the concept of 
di spersio n is of fu ndamental importance in supported 
metal catalysis as a metho d of esti ma ting the average 
size of the metal par ticles present.
The d i s p er si on of a metal catalyst can be defined 
as the ratio of the surface metal atoms to the total 
metal atoms present. Clearly, if for a conven tional 
supported metal catalyst the particles are large, only a 
re latively  small amount of the metal is availa ble as 
surface atoms to act as c at al yticall y active sites. If, 
other other hand, the particles of metal are small, a 
relativ ely  larger amount of metal atoms are ava il able to 
act as active sites and hence the specific activit y (on 
a weight basis as distin ct from a turnover frequency) 
for the catalyst is larger.
The sit uation is different  for a supported metal 
catalyst derived from a solid solution, as a sig nificant 
pr op ortion of the TM remains in the lattice of the solid 
solution, the amount de pen din g on the degree of 
reduction. In order to make useful co mp arisons with 
con venti on al catalysts, a dif ferent d e f i nition  of 
di sp ersion is required, and the one chosen as most 
relevant is the ratio of the metal in the surface of the 
metal particles produ ce d on the surface of the solid 
solution to the total qu an tity of metal in these
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particles. This concept is further develop ed in 
Section 4.1.3.
In conclud ing it should be stressed that the 
m e a s u reme nt  of dis pe rsion only gives inform ation on the 
average particle size of the metal present, and unusual 
distributi on s of particle size can give mi sl eading 
results
1.6.2. Catalytic Results Obtained on Reduced Solid 
Solution Catalysts
The only results so far ava il ab le for catalysis 
over reduced oxide solid solutions have been obtained 
for CO hy dro g e n a t i o n  over reduced Ni O- MgO and CoO- 
M g O .50,89
The nickel catalysts, as expected, have given 
methane as the major product of CO hydrogenation.
The cobalt catalysts gave a range of products up to C^
Q Q
and the p r e l i mi ne ry ki netic experim ents carried out
indicate ki ne ti c par am eters  similar to those reported 
31by Vannic e for a c o n v e n t i o n a l l y  supported cobalt 
catalyst, suggesting that the basic m e c h a n i s m  of CO 
h y d r o g e n a t i o n  is probab ly  similar in both cases.
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2. E X P E R I M E N T A L
2.1 Nom en clatu re
Various methods of de s c r i b i n g  the c o n c e nt ra tion of 
the tran sitio n metal in solid solutions have been 
u t i l i z e d .
In this work the d e s i g n a t i o n  lONiO-MgO means that
ten per cent of the m a g n e s i u m  ions have been replaced
with nickel ions. Ano the r method of de scribing the
above solid soluti on is to denote it N I q  ^ M g Q  g O
7 7 9 1Using the n o m e n c l a t u r e  of Cimino et al. » the
above solid solution would be d e s i gn ated MN 10.
However, strictly this would refer to a nickel ion 
co nc e n t r a t i o n  of 10 ni ckel ions per 100 m a g n e s i u m  ions,
i.e. 10 in 110 rather than 10 in 1 0 0 .
Spinel solid solutions can be desi gnate d in a 
similar way. A system comp rised of m a g nesi um  alu minate 
where 10 per cent of the m a g n e s i u m  ions have been 
replaced by cobalt will be Coq i Mg q g A 1 2O 4 and will be 
denoted lOCoSpinel.
Convention al  o s m i u m / a l u m i n a  or o s mi um/sil ic a 
catalysts are described, for example, as 2% O s / A ^ O ^  
which means that the ma terial contains 2% osmium by 
weight supported on alumina.
2.2. Prepar at ion of Catalysts
2.2.1. CoO-MgO Solid Solutions
The pr eparat io n of the solid solutions took place 
in two stages, namely
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( 1 ) the p r e p a r a t i o n  of the pre cur so r mixture;
(2 ) firing of the mi xtur e in a high temperature 
vacuum oven.
The pr ecursor mixt ure was pre pa re d by disso lving an 
appr o p r i a t e  qua nt ity of cobalt nitrate (Analar) in 
distil led  water and adding to this m a g nesi um  hydroxi de 
(produced from the reaction of a m m o n i u m  hydroxide and 
ma g n e s i u m  nitrate) and e v a p o r a t i n g  the mixture to 
dryness with gentle hea ting under va cuu m in a rotary 
evaporator, after which more water  was added and the 
e v a p o r a t i o n  was repeated twice more. After drying, this 
precursor mixture was subjected to analysis by atomic 
abs o r p t i o n  s pec tr oscopy (AAS). T y p ica ll y be tween 1 and 
5 g of ma te rial was prepared in this way.
The firing of the mixture took place in a high 
tempe rat ure vacuum  oven whic h is shown s c he ma tically  in 
Fig. 2.1. A p p r o x i m a t e l y  1.0-1.5 g of precurs or mixture 
was we ighed out and placed in a platin um  boat. This 
boat was then introduced into the apparatus at the large 
flange F and pushed along the mu ll it e tube into the 
position shown in the diagram.
The system was sealed by cla mpi ng at F, and the 
apparatus was then pumped out via the bypass line.
This process was carried out with extreme care over a 
period of 0.5 to 1 h to avoid dis pe rsal of the powder.
Once the system was evacuated, a liquid nitro g e n  
trap was placed at po sit io n T^ and the me rcury diffusion
iD
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Fig. 2.1 The High T em pe rature  Vacuum Oven
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pump was switched on. The system was left to attain a
_ o
vacuum of at least 10 torr. The furnace was then 
switched on and the tempera ture was raised in stages to 
the d e c o m p o s i t i o n  te mperature  of the hyd roxide (625 K) 
and m a i n ta in ed at this level for at least 24 hours. A 
second liquid ni t r o g e n  trap was placed on the system at 
point T 2 when this temper ature was achieved.
After this isotherma l period the temper ature was 
raised in stages to approx. 1275 K and mai nt ained at 
this te mperatu re for at least 48 hours. A third trap 
was placed on the system at point Tg when the 
temperature of the furnace was in the region of 
775-825 K.
When the thermal treatment was complete the sample 
was w i t h d r a w n  to the copper block by pulling the 
follower atta ched by wire to the sample holder into the 
tube S by means of a magnet. After an a pp ropriat e period 
to allow cooling of the sample (3-4 h ) , the pumps 
were switched off, the traps were removed, and the 
system was brought up to at mo s p h e r i c  pressure.
After removal from the system, the sample was 
normally subjected to analys is by AAS and powder X-ray 
d i f f r acti on  (XRD).
2.2.2. Ni O- Mg O Solid Solutions
Solid solutions of NiO -Mg O were prepared in a 
similar fashion to those of CoO-MgO. Nickel nitr ate 
(Analar) was used in a p p r op ri ate amounts in the 
precursor mixture instead of cobalt nitrate.
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2.2.3. CoO-Spinel Solid Solutions
q o a o
Various methods * of pro du ci ng Co balt-Spinel  
solid solutions were att empted before a method which 
reproducib ly  gave mat er ial in a high surface area form 
was developed.
As with the MgO -b ased solid solutions described 
previously, the method  used involved two stages which 
were as follows.
( 1 ) i mp re gnatio n of cobalt and mag n e s i u m  salts 
on to high surface are alumina;
(2 ) firing of this pre cu rs or to produce the 
desired solid solution.
The pre curso r mixt ure was prepared by taking 
ap p r opriat e quanti ties of cobalt nitrate, ma gn esium 
nitrate (Analar) and alum ina (Degussa, Alon C), 
stirring the alumina in a d e o x y ge nated solution of the 
metal salts under nitrogen. The mixture was then gently 
heated (320-325 K) and evapor at ed to dryness in a large 
beaker over a period of several hours. In order to 
ensure good physical mixing of the components, the dry 
mixture was then r e-slurr ie d by the addition of more 
water a further two times. After the final e va po ration  
to dryness, the mixture was ground with a pestle and 
mortar and then sub jected to analysis  by AAS in order to 
confirm that the correct quantities  of cobalt, magne si um 
and alu m i n i u m  were present.
A weig hed qua ntity of the pre cu rsor mixture was 
t ran sferred  to the va cu um  oven pr e v i o u s l y  des cribed and
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a similar proc edure was adopted to the one used with 
M gO -based prepar ati ons, di ffe ring only in the times and 
tem per atures used. The final temper ature of the furnace 
was no rmall y 1275 K and was m a i n tai ne d at this level for 
at least 48 h and often c o n s i de ra bly longer (in an 
attempt to minimiz e the quantity of unrea cted MgO phase 
p r e s e n t ).
After treatment in the high tempe rature system, 
samples were subjected to AAS and XRD to confi rm the 
sto ichio me try and the presence of the spinel structure.
In later stages of the work, freshly prepared 
samples were washe d in dilute HNO^ and dried in order to 
remove the c ontami na nt MgO and CoO -MgO solid solution.
2.2.4. NiO-Spi nel Solid Solutions
Ni O- Spin el  solid solutions were produced (for 
i nv es tig ation by I.C.I. as a catalyst in various 
processes) and the general procedure  ad op ted was the 
same as that employed in the case of the CoO-Spinel.
No testing was carried on these samples.
2.2.5. O s / A l pOq yO s / S l O pand Os/MgO
Two methods were emplo yed to produce O s / A ^ O g ,  
0 s / S i 02 and Os/MgO supported catalysts. These were:
( 1 ) the "incipi ent wetness" method;
(2 ) the "dry pressing" method.
In both cases the source of osmium was OsO^ whi ch was 
converted to the carbonyl 0 sg(C0 )j2 by reaction  with 
carbon mo noxide at a pressu re of 100 atm in an autoclave. 
For the incipient wetness method, an amount of
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osmium carbonyl O s ^ C O ) ^  a pp ropria te  to give a nominal 
loading of 2% w/w osmium on the support was normall y 
used .
Ap pr o x i m a t e l y  50 mg of O s ^ C O ) ^  was weighed out 
ac c u rately  and ground to a fairly fine powder. This 
powder was then di ssolv ed in freshly disti lled C H 2 C I 2 in 
a ro und- b o t t o m e d  flask under nitrogen.
Silica (Grace Davison 952), alumina (Degussa 
Alon C) or mag nes ia (prepared in a laborato ry ex 
M g ( 0H ) 2 ) was pressed (20 tonnes, 0.5 h) and then sieved 
to give a particle size in the range 500 -710 microns.
An a p p r opri at e qua ntity of the oxide support was then 
we ighed out (consistent with a 2 % osmium loading, after 
al lowance for ca 20% water content by weight) and placed 
in a flask connected to a v a c u u m  system. This was 
heated to about 395 K for 3 h in order to remove 
phys is or bed water (higher te mperatures were also used at 
times to alter the co ndition of the surface of the 
support). After cooling, a soluti on of the osmium 
carbonyl in C H 2C I 2 was introduced over the support in 
volumes just grea ter than the calc ula ted pore volume of 
the support and solvent was then removed using a 
n i t ro gen stream.
Owing to the failure of this method to produce 
usable cat alysts from 0 s g ( C 0 )j2 > the dry pressing method 
was devel oped as an a lt er native  in an atte mpt to improve 
the i m pre gn ation of the support by the osmium carbonyl. 
Silica or alumina was pret re ated by heating in a vacuu m 
frame at temperatures ranging from 395 to 775 K. This
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material was then mixed with finely powdered O s g ( C O )22 
by shaking a mixture of the two components together in a 
large glass bottle. After mixing, the mixt ure  was 
pressed at ca 20 tonnes for a period of 0.5 h. It was 
then br oke n up and sieved to give particles of 
500-700 microns in size. These particles were placed 
in a vessel conne cte d to a v a cuu m line and heated to 
375 K for 3 h to remove any water phys is orbed  during 
pr eparation. At this time a small amount of the osmium 
was lost from the support and cond ensed  on the glass 
walls in the vacuum system.
2.3. Catalyst Ch ar a c t e r i z a t i o n
2.3.1. Atomic Ab so rption  S pe ctrosc op y (AAS)
A Varian  AA275 atomic abs o r p t i o n  spe ct romet er  was 
used to measure the amount of Mg, Ni, Co and A1 in solid 
solution pre cu rs or mixtures and in solid solutions 
t h e m s e l v e s .
With MgO- ba se d solid solutions a sample 
( 100-200 mg) was a c c u ratel y weig hed out and dis solved in 
20% v/v HNO^ (50 ml). This solution was made up to 
250 ml and then diluted further before being introduced 
into the spectrometer.
Normal ly three standards were used as references 
for each element being measured, and c alibr at ion 
procedures were carried out interna lly in the instrument.
The proce dure in the case of spi nel -base d solid 
solutions was slightly different owing to the 
i nsolu bi li ty of the spinel. The sample (0.3-0.5 g) and
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KHSO^ (3-5 g) were heated in a plat inum crucible over a 
bunsen until meltin g and evolut io n of H 2 S O 4 was noted.
The melt was main t a i n e d  at red heat for appro x i m a t e l y 
2 h and was then cooled and dissolved in acid.
Su bs eque nt  treatment  was similar to that for MgO-bas ed 
samples, except that the a l u m inium  content was also 
c a l c u l a t e d .
2.3.2 X-Ray D iff ra ction
The De b y e - S c h e r r e r  method was used. In order to 
obtain a powder d i f f r a c t i o n  photograph, a sample of solid 
solut ion  (ca 50 mg) was ground to a very fine powder and 
introdu ced  into a Li ndemann  tube. The tube was then 
mounted in a Philips powder d i f f racti on  camera 
(S trauma nis mount ing ) and exposed to Fe K«s< ra diation for 
be tween 4 and 5 h. Meas u r e m e n t  was carried out by 
m e a s ur in g line spacings directly off the devel ope d 
ne gat iv e by means of a special vern ier measure.
2.3.3. Physical A ds orption  and Ch em isorp tion
The pr oce dure adopted for physical adso r p t i o n  and 
surface area d e t e r m i n a t i o n  is described in Section
2.4.1.3. and that for c h e m i so rptio n in Section 2.4.1.5.
2.4. Appara tus and Procedures for Cat alytic Studies
2.4.1. Vacuum  System Studies
2.4.1.1. D e s c r iption  of Vacuum Systems
Two glass high vacu um systems were employ ed in the 
course of this work. The first system ( F i g . 2.2) was 
alr eady in ex istence and this was later replaced by a
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second system ( F i g . 2.3). Both systems were ba sically 
similar, and the main reason for repla cing the original 
system was c on venien ce  of ope ration and the need to 
attain better va cuum  conditions. The second system will 
be desc ri bed in detail and the original system will be 
mention ed  only where it differs s i gnifi ca ntly from the 
l a t t e r .
The ap par atu s com prised three basic parts which 
were the pumping system, the dosing bulbs and the 
reaction area.
The pumping system  co nsi sted of an Edwards 
" Speedivac" rotary pump and a m e r cury  d i f f us io n pump 
arranged c o n v e n t i o n a l l y  with a liquid N 2 trap present 
up str ea m of the di f f u s i o n  pump. This c o m b in ation 
allowed the frame to be pumped down to pres sures  in the 
range 10” ^ - 5 x 10"^ torr.
The pressure in the main system could be mon itore d 
by three e le ctrical  pressure devices or by a McLeod 
gauge. Two of the electrical  devices were of the Pirani 
type (P2 »P^), m e a s uring the pressure from a t m o s pheric to
_ q
10 torr; one of these was fitted close to the 
d i f fu si on  pump (P 2 )» whil st the other was installed as far 
from the pumps as possi ble in the gas dosing rail (P^). The
third e l e c tr ic al gauge in the main frame was of the 
Penning type (P3 )> and was calibrated to read in the
_ o — 6
range 1 0 - 1 0  torr. Used in conj unc tion, these 
sensors, together wit h  the McLeod gauge, made it 
re la ti vely easy to locate and rectify leaks and main ta in 
and m o ni to r a good overall system vacuum.
CH,
See page 45 for key
Fig 2.2 The First High Vacuum  System
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See page 4-5 for key
Fig 2.3 The Second High Vacuum System
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Key to Figures 2.2. and 2,3





F doser bulbs with cal ibr ated volumes
G to diffu si on pump
H to McLeo d gauge
I bypass line
J furnace
K sample take-off point
L mercury m a n o meter
M gold wire
N insulation
Pj 0-50 torr pressu re transdu cer
Pirani trans ducers 
P 3 Penning transduce r
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The dosing bulbs were located on the back rail and 
provided sources of the fol lo wing gases (Research 
Grade): carbon monox ide, hydrogen, nitrous oxide, 
oxygen, methane and nitrogen. This section could be
isolated by the tap T 2 .
The reaction system (the area boun ded by ABC in 
Fig. 2.3) consisted of a known volume of na rrow bore 
glassware which could be divi ded into two separate areas 
by closing the tap T ^ . With tap T^ closed, the volume 
on the left became the "trap area" and the volume on the 
right became the "sample area". The cap acity of both 
areas was a c c u ra tely kno wn from ca li b r a t i o n  expe riments 
(Section 2.4.1.2.).
The trap area was con ne cted via tap T^ to the main 
frame and pumps and via tap T^ to a set of graduated 
glass bulbs used in surface area d e t e r m i n a t i o n  by the 
BET method (Section 2.4.1.3.). The pressure 
transducer in this part of the system (P^) was a strain 
gauge whi ch gave a linear res ponse in the range 0-50 
torr. This tran sduce r was conne ct ed to a digital 
vo ltm et er arranged to give a di splay directly in torr, 
me asuring with an acc ur acy of 0.1 + torr.
The sample bulb was made of silica and could be
heated by means of a small furnace. The m a x im um
tem perature used in pra ct ice was 1100 K. A thermocou ple 
connected to a digital disp lay  was used to me as ure the 
tem perature in the region of the sample. A ground glass 
joint con nected the sample tube to the rest of the 
system and could be cooled by a fan to prevent leaking
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during sample heating. The sample area could be raised 
to atmo s p h e r i c  pressure in isolat io n to the rest of the 
system by using tap Tg (with tap closed).
Outputs from the digital t h e r mo meter recording 
sample te mpera ture and from the pressu re transdu cer 
located in the trap area were taken to a two-channel 
chart recorder  (Philips RG 222) so that continuous 
monitor in g of both temp erature  and pressu re in the 
reaction area could be attained.
The prin ci pal reasons for co nst r u c t i n g  the second 
system were to avoid the fol lo wing shor tcomi ngs of the 
first system.
(1) "Teflon" taps in the first system had become 
prone to leaking. Only glass taps were 
employed on the second v a cuum  system.
(2) Only one Pirani gauge was installed in the 
first system, re ndering leak testing
d if f i c u l t .
(3) In the first system the str ain- gauge pressure 
tra ns du cer wi th in  the rea ct io n system was 
co nnected to an a n a logue dis play ca librated in 
a r b i tr ar y units. This displa y was difficult 
to read accurately, e s p e ci ally when low 
pressures ca 1-5 torr were being measured.
(4) Te mp erature m e a s u r e m e n t  in the first system 
was carried out with a ther mocou pl e connected 
to a p o t e n t i o m e t e r  box. Al though this method 
gave an accurate measure of te mp erature from 
voltage te mp erature tables, it was not a
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co ntinuous m e a s u r e m e n t  and was inco nvenien t in 
o p e r a t i o n ;
2.4.1.2. Cali bration  of Vacu um Systems
Both the vacuum  systems were calibra ted by first 
accurately determ in ing the volume of a removable portion 
(i.e. a bulb attached at K) by we i g h i n g  filled with 
mercury. Expansion  of kn ow n pressu res of gas from this 
known volume was then pe rf ormed in order to give the 
volumes of the other parts of the system.
In the case of the second system, the volume of each 
of the graduated  glass bulbs was d eter mi ned with mercury 
prior to inst allatio n and the system was cal ibrated 
using differe nt "standard" volum es. In this way volumes 
were ac cu r a t e l y  mea su red as the mean of several 
readings. The va ri ation  b e t ween di ffe rent measurem en ts 
was small, being less than 0.3 ml.
2.4.1.3. Procedure for Surface Area De t e r m i n a t i o n
A sample we ighin g 0.5-1.0 g was ins talled and
outgassed in vacuo at 875-975 K. The outga ssing 
temper atu re was chosen so as to be highe r than any 
temperature to be used su bs equently.
Nit rog en (white-spot) was int ro duced  into the doser 
and the pressure me asured with a cathe tome t e r . The full 
quanti ty of gas from the doser was admit te d to the 
remainder of the system incl uding the sample bulb, and 
pressure was reme as ured with the cathe t o m e t e r . The 
system volume was then reduced sy s t e m a t i c a l l y  by raising 
the me rc ur y level in the doser system one bulb at a
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time, and the co r r e s p o n d i n g  pressu re s mea su red at 
equilibrium. Liquid nit r o g e n  was ma in tained around the 
sample bulb at a constant level.
Data of volume ad sorbed versus pressure were 
plotted according to the BET eq uation
P / vads<Po-p > = 1/Vm C + K - l > P / V m cp0 (8)
and Vm was de termined from the slope and intercept.
2
Using a standard value of 0.162 nm for the cross-
sectional area of N 2 at 77 K, the surface area was determined.
2.4.1.4. Re duction  of Solid Solutions
Reduction  of oxide solid sol ut ion samples was 
carried out after a BET d e t e r m i n a t i o n  in situ and after 
any ne cessar y s t a n d a r d i z a t i o n  of the oxida ti on state 
(Section 2.4.1 . 5 . ) .
(a ) Re duc tio n of NiO-MgO solid solutions
The normal  proce dure was to cool Trap B in liquid 
nitrogen and then to admit a k n own volume of hydrogen  to 
the trap area. Tap T^ was then opened to the sample 
(0.5-1.0 g) at room temperat ure. By dete rm ining the 
differe nce  be tw een the obs er ved and exp ect ed pressure
(for no adso rption) , the up tak e was calculated. The
tem perature of the furnace s u r r o un ding the sample area 
was then raised to a chosen t e m p eratu re  for a prescr ibed 
period (ty pic ally 2-24 h ) , af ter whi ch  the sample was 
cooled to room tem pe rature and the pressure was 
remeasured. The a d d i ti on al uptake was thereby 
determined. The process was repeat ed at suc ces si vely
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higher tem peratures until a mea s u r a b l e  amount of 
reduction had taken place (ty pic ally 875 K ) .
Assessment of tempe ratures  and times to be chosen 
for precise m e a s u rement  of uptake as describ ed above was 
assisted by m o n i toring  c o n t i n u o u s l y  the pressu re during 
heat i n g .
(b ) Re duc tion of CoO-MgO solid solutions
The pr oce dure for the re du ction of cobalt- 
containing solid solutions was b a s ic al ly similar to that 
described for the n i c k e l - c o n t a i n i n g  samples. However, 
normal ly the C o - c o nt ai ning solid solutions were reduced 
by first treating them with carbon monoxide and then 
with hydrogen. Re ductio n with only hyd ro gen as the 
reductant was found to be very diff ic ult unless the 
temperature was above 975 K.
(c ) Red uc tion  of nickel and cobalt spinel solid solutions 
The reduction proce du re was ba sically  that
described in (a) and (b) above. However, to effect 
red uction of the spinels harsher conditions were 
required, typically temperatu res of up to 1025 K for 
24 h or more.
2.4.1.5. C h a r a c t e r i z a t i o n  by Chemi s o r p t i o n
C h a r a c t e r i z a t i o n  by c h e m i s o r p t i o n  was carried out 
using O 2 » CO and H 2 . The main s i g n i fica nc e was 
given to the irreversib le  uptake. This was obtained by 
deducting from the total amount the reversible amount 
(if significant) which could be desorbed and readsor bed 
at the temper ature concerned.
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Mea su re ments of uptake were no rma l l y  carried out at 
room temp erature , but in the case of ox ygen uptake was 
measured at ambient and higher temperatures.
P a r t i c u l a r l y  in the case of c o b a l t - c o n t a i n i n g  solid
O I
solution the M species was som etimes formed during 
oxidation. Exper iments to me asure the extent of 
fo rmation of this species were carried out so that
estimates of M ^ + and M° were made as a c c u r a t e l y  as
possible.
2.4.1.6, Pro cedu re  for Catalysis Studies
(1) Ethane h y d r o genolys is
A kno wn volume  of ethane was introduced into the
trap area by dosing and mea s u r i n g  the pressu re with an
el ectrical transducer. The trap was then cooled in 
liquid n i t r o g e n  to condense the ethane. Tap T^ to the 
catalyst (0 .5-1.0 g) was next opened and h y d ro ge n was 
dosed into the reaction  system to such a pressure that 
the molar q uant it ies of both reactants were equal. The 
temperature of the sample was then raised to 575 K, this 
temperature being m a i n tained by the p roport io nal  
temperature c o n t roller  to wi thi n +2 K.
When the temper ature in the sample region was 
steady, the liquid ni tr ogen bath around the trap was 
removed. The ethane evap or ated and the reaction 
proceeded. Aft er 10, 20 and 30 minutes the ethane was 
quickly con den se d so that the residual pressure of non- 
co nde nsable gas (H^ + CH^) could be recorded. After the 
30-minute reading had been taken, an ac curat e
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de t e r mi nation of the amount of ethane d e c o m p o s i t i o n  was 
obtained as follows:
(i) the catalyst was cooled to room temperature 
and the pressure  was me a s u r e d  with residual 
ethane first unco n d e n s e d  and then condensed; 
(ii) after re -ev a p o r a t i o n  of the ethane, a sample 
of the gas mixture was admitted to the 
evacuat ed  flask and taken for mass- 
sp e c t ro metric analysis.
(2) H y d r o g e n a t i o n  of carbon m o n oxide
Hydrogen was dosed on to the sample area and Tap 
(Fig. 2.3) was closed. After pumping out the trap 
area, carbon m o n oxid e was intr oduce d such that a 
prescribed mol ar ratio of carbon monox id e to hydrogen 
(normally 1:3) could be achiev ed after opening Tap T^ 
and allowing the gases to mix. The total pressur e was 
normally 35-45 torr, and this was moni to red with the 
transducer and its asso ciate d chart recorder.
The furnace, already preheat ed  to the reaction 
temperature (normally 525 or 575 K ) , was placed around 
the catalyst sample (0 .5-1.0 g) and the reaction was 
allowed to proceed. The start of the rea ct ion (zero 
time) was taken as the time at w h ic h the pressu re in the 
system reached a m a x i m u m  before falling off as the 
reaction proceeded. The pressure decrease from zero 
time was noted after 30 minutes in order to give a 
measure of the initial rate of reaction. The reaction 
was allowed to proceed for up to 24 h, after which the 
furnace was removed and the sample cooled to room
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temperature. The pressure of the system was recorded 
and a sample of residual gas was analyzed  by use of the 
mass spec t r o m e t e r  analysis system. The residual gas was 
evacuated, and the contents of the trap were allowed to 
evaporate into the trap area. The pressure was noted 
and a gas sample was taken for MS analysis.
2.4.1.7. The Mass S p ectrom et er Analysis System 
A VG Mi cromas s Model Q7 qu a d r u p o l e  mass 
spec trome te r was used to ana ly ze mixture s of gases 
derived from catalytic  reacti ons and also to check the 
c o m p os it ion of the gas phase in some instances after 
re duc tion and chemi s o r p t i o n  expe rimen ts.
The sy stem comprised a sep arate glass high vacuum
unit linked via stainless steel tubing and a leak valve
to the mass spectrometer. The s p e c t r o m e t e r  was equipped 
with an ion pump and also an oil dif f u s i o n  pump and two- 
stage rotary pump. The arra n g e m e n t  of the system is 
shown in Fig . 2.4.
In n o rm al op eratio n the system was used in the 
fo llo wing way:
(1 ) the glass vacuum unit was pumped down to about 10” “*
torr using its me rcur y d i f f u s i o n  pump and rotary
backing pump ;
(2 ) the s p e c t r o m e t e r  was c o n t i n u o u s l y  pumped by the ion 
p u m p .
(3) The pu rpo se  of the oil dif f u s i o n  pump and its 
a c c o m p a n y i n g  rotary pump was twofold. Firstly it 
enabled the s p e c tromet er  system to be eva cua te d to about
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T mass s p e c t r o m e t e r  
U oil d i f f u s i o n  pump
V 2-stage rotary pump 
W 4-way couplin g
X ion pump
Y leak valve
Z pr es sure transdu ce r
Fig 2.4 The Mass S p e c t ro me ter
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10‘ 7 torr before the ion pump was switched on. This
sit uation occurred if the s p e c t ro meter had to be let up
to a t m o s pheri c pressure (to change a filament). The
second use of the seco ndary  pumpin g system was that it
allowed the ion pump to be baked at about 375 K
overnight under conditions of dynamic va cuum in order to
clean the pump and so increase its efficiency.
Gas samples taken from the rea ct io n system described in
the previous sections were in troduced into the mass-
spec tro meter via the leak valve Y. The normal pressure
—  8level for analysis was a p p r o x i m a t e l y  5 x 10 torr. The 
mass spectr um of a mixt ure could be displayed on an 
oscillosco pe  or a permane nt copy could be made using a 
Bryans chart recorder.
In order to quantify the results, cali br ation 
ex pe ri men ts were carried out using all the compounds 
commonly encountered. The method of c alibrat io n was as 
follows. Carbon monox id e was chosen as a reference and 
known mixtures of carbon mon ox ide and another gas were 
introduced and analyze d on the mass spectromete r. Using 
the m a t h em at ical rel ations hi p des cr ib ed in Section
3.2.2. it was possible to calculat e the relative 
sensitivity coeffi cient for each gas used with respect 
to carbon monoxide. From these e xperi me nts unknown 
mixtures of gas could be ana ly ze d to an acc ur acy of 
a p p r o x imately  5%.
2.4.2. Flow System Studies at Normal Pressure
Two flow systems were used at Bath during this
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work. The first was a rela tively  simple unit w h ic h was 
already in exist ence and the second was constr ucted to 
overcome certain sho rtcomings  of the original system. A 
further two flow systems were used at I.C.I. Ru nc orn and 
these will be descr ibed later.
The first flow system (Fig. 2.5) was conv entio na l in 
design but, in respect of the work to be undertaken,  it 
suffered from a numbe r of d i s a d va ntages  which are 
su mmarized below.
(1) Coarse needle valves were used to control the flow 
of each gas. These were found to be dif fi cult to adjust 
preci sel y to a parti cu lar flow rate and over a period of 
a few hours the set flow would vary quite considerably.
(2) Nylon tubing was used for conne ct ing most of the 
elements of the flow reactor together. Joints between 
sections of tubing tended to leak and it was possible 
for significan t amounts of air to enter the system such 
that a marked N 2 peak would ap pea r on the gas 
chromatograph.
(3) The only accura te method of m o n i t o r i n g  a pa rt icula r 
gas flow was to switch off all the other gas flows and 
measure the flow rate of the gas in qu estion with a 
bubble flow meter. Simple rotame ters were fitted to the 
system but they were found to be uns at isfacto ry .
(4) Most of the taps in the system were of the toggle 
type. These did not provide an efficien t shut-off when 
c l o s e d .
(5) The an alytic al  system consisted of a Pye 104 gas 
ch r o m a t o g r a p h  fitted with two thermal c o n d u ct iv ity
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detectors . Whilst this type of det ec tor was adequate 
for an alys is  of carbon mono xide, hydrogen and me th ane it 
was not suitable  for ana ly sis of small qua ntiti es of 
n o n - m e t h a n e  hyd rocarbo ns.
The second flow system was designed and cons truct ed  
be a rin g all the above points in mind. The general 
a r r a n g e m e n t  of the system is shown in Fig. 2.6.
N o r m a l l y  CO, H 2 and He gas supplies were connected 
to the three input lines shown on the diagram. The gas 
passed first through a coarse pressure regulator, 
followed by a filter, a n o n - r e t u r n  valve, and then a 
Brooks flow cont ro ller before going through a high 
pr e cis io n rot amete r c al ib rated for the par ti cular gas in 
question. This arra n g e m e n t  was such that in normal 
op e r a t i o n  flows could be set very a ccu ra tely and once 
set would not fluctuate. The rotameters, once 
cal ibr ated, were found to be accurate to wi th in  a few 
per cent.
From the rotameters the gas streams were directed 
to a gas mixi n g  chamber. The shape and con st r u c t i o n  of 
the ch amber  is shown inset in Fig. 2.6 and its final 
form was de cide d on as the best comprom ise between cost 
and c o m p l e x i t y  of m a n u f a c t u r e  and ef fic ient mixing of 
the gases.
A total flow control device was installed in the 
system aft er the gas mixin g chamber. This served two 
funct i o n s :
(1 ) it e n a bled the total flow rate of the gas mixture 
being used to be varied. This was more convenien t than
CO He
see page 60 for key
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Fig. 2.6 The Second Flow Reactor
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Key to Figs 2.5 to 2.9
A on/off Whitey taps
B needle valves
B' pressure gauges
C n o n - retu rn  valves
D filters (normally 7 yu)
E flow controllers
F rotameters
G mixing chamber (see inset Fig. 2.6)
H back pressure indicat ion
I toggle-type on/off taps
J molecu la r sieve unit
K 3-way Whitey tap
L "De-oxo" unit
M total flow rot ameter
N spare feed
P 4-into-l Whitey valve
Q crossover 4-way valve
,R2 reactors 
S sample valve
^ 1 ,'^ 2 ,^3 thermocouples  
U bubbler
V flow c h emiso rp tion att ac hment points 
W bubble flow meter
X restrictor
Y pr es s u r e - l i m i t i n g  valve
Z safety valve
1 mercury mo nom eter
2 G.C. ana lyt ical system
3 to mo lecula r sieve column and T.C. detectors
4 timer
5 pump
6 flow me asurement  system
7 reactor pressure control
8 G.C. analytic al system splitter and columns
9 flow damper
10 electrical pressure transducer
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adj us ti ng each flow individually;
(2 ) it enabled the gases to be run into a constant back 
pressure (within certain limits). The ad van tag e of this 
was that diff ere nt catalyst packings  gen erat in g 
different back pressures could be used with back 
pressure adj ust ed to that used to calibrate the system.
Catalyst was packed into the central part of the 
reactor tube adj ace nt to the thermoc ou ples and held in 
position with glass wool. A two-part furnace was 
c ons tructed  to contain the reactor and enabled the 
temperature inside the tube to be raised to a ma xim um  of 
1100 K. The reactor tube to partic le ratio was 
con sid erab ly  greater than 10 to prevent excessive
Q A
c han nelling  of the tube wall.
Analysis of the gas stream before and after contact 
with the catalyst was carried out using gas 
ch romatography. The a r r a ng ement consist ed of a Pye 204 
Series isother mal GC equipped with one flame ionization 
detector (FID) and two thermal condu c t i v i t y  detectors 
(TCD). The flame ionization dete ct or was used in 
c onj unction  with a Poropak Q column of length 5 ft and 
was used for analysis of h y d r o ca rb ons . The two
thermal c o n d u ctivit y detectors were used with a 
mol ec ular  sieve MS80 column for an alysis of carbon 
monoxide, hydrogen, methane and also any ni t r o g e n  and 
oxygen in the system. Both columns were run at 363 K 
with helium being used as the car rier gas at a flow rate 
of 3 0 ml m i n - *.
The output from both detecto rs was fed to chart
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recorders but was also con ne ct ed to a Spectra Physics 
SP470 integr ating microc ompute r.
After the valves of the various variables in the 
system had been set (flow rate, temp er ature of columns, 
detector tem perature, detect or  a m p l ifier gain), 
c alibr at io n e x p e r im ents were carried out by injecting 
into the a n a l y t i c a l  system from a loop of kn ow n volume 
pure samples of all the gases likely to be en countere d 
during catalyt ic  studies. The int egrat or was used to 
calcu lat e the absolut e res ponse for each gas and from 
this the s e n s itiv it y of the system to each gas could be 
me asu red and hence rel ative s e ns itivit ie s of each gas to 
a chosen standard could also be evaluated. By 
pro gr am ming the ma ch ine with these relative sens it ivity 
factors, a u t om atic analysis of gas mixtures could be 
a c c u ra te ly carried out. The standards used were methane 
on the Poropak Q/F ID column and carbon monoxide on the 
MS80/TC D system. Res ults based on the i nte gr ation of 
peak areas mo di fied by the a p p l i c a t i o n  of a relative 
se ns it ivi ty facto r were prin ted out direct ly  in mol % 
terms for each gas analyzed. After the above 
calibra ti on proc edu re, test mixtures  of known c om positio n  
were injected and ana lysis  of the mixtures proved 
s a t i s f a c t o r y .
As well as having the ability to carry out normal 
flow cat alysis studies in the system, extra pipe work  
and a further twin thermal co nd u c t i v i t y  det ect or unit 
were built into the system in order to enable flow 
chemis or ption to be carried out. The ar ra n g e m e n t  of
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this pipework and det ectors is shown in Fig. 2.7 and is
9 5 9 6based on a design described by Gruber. ’ Gas 
was introduced into the heli um carrier via a gas 
sampling valve and a p p r o p r i a t e l y  sized loop, and flowed 
past the first TC detector. It then passed over the 
catalyst where a fraction was adsorbed. The remainder 
flowed past the second TC det ector and produced a peak 
co rr es pondin g to the gas not adsorbed. Hence the 
quantity of gas adsorbed could be est im at ed by comparing 
the initial and final peak heights. When the two peaks 
were of the same area the surface of the catalyst was 
s a t u r a t e d .
2.4.2.1. Pr etr eat ment
Most catalysts used in the flow system were p r e ­
reduced in the static system descr ib ed pr ev i o u s l y  before 
transfer to the f l o w - r e a c t o r . However, some samples 
were reduced directly in the flow system by first 
flowing CO over them for several hours at temperatu res 
between 825 and 975 K and then flowing H 2 over night at 
similar temperatures.
This treatment did not always result in 
sa ti sf actory  catalysts in that the a c t iv it y tended to be 
lower than with similar samples whi ch had been p r e ­
reduced .
Re -re d u c t i o n  of p r e - r educe d catalysts was carried 
out by flowing H 2 at temperat ures be tween 825 and 925 K 
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Fig. 2.7 The Flow Chemisorp t l^on- Attachment
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2,4.2.2. Pro cedure for Catalysis Studies
After carrying out activa tion, either by red uction  
or re-redu ct ion of the catalyst in the flow reactor, a 
programme of catalyst testing was carried out whi ch 
would nor ma lly include the follo wing experiments, 
altho ugh  not all the expe riments de scribed were carried 
out on all the catalysts studied.
(1) Red uction of the catalyst from freshly prepared 
solid solution or re-r e d u c t i o n  of a catalyst 
prev iou sly reduced in the static system (see 
Section 2.4.2.1.).
(2) Initial exposure  of catalyst to CO and H 2 mixture.
(3) M e a s ureme nt  of a c t i v a t i o n  energy.
(4) Mea surem en t of the order of reacti on with respect 
to hydrogen.
(5) Meas uremen t of the order of reaction with respect 
to carbon monoxide.
(6 ) Effects of changing feed gas ratio on products.
(7) Ch em is o r p t i o n  and d e s o rp tion exp eriment s using the 
flow ch e m i s o r p t i o n  system.
(8 ) De act i v a t i o n  meas u r e m e n t  over long time periods.
The order in which these exp er iments were carried 
out was no r m a l l y  that shown above. Between experim ents, 
mild rege n e r a t i o n  of the catalyst was carried out using 
hydrog en at about 775 K.
Initial exposure of catalyst to carbon monox id e and hyd ro gen 
Before any other expe ri ments were carried out the 
catalyst was used in a carbon monoxi de  and hydr og en
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stream (CO:!^ 1:3, temp, normal ly  575 K, flow rate 
40 ml m i n ” *) and the products, in p ar ticula r methane, were 
moni to red on the GC system until the decrea se in the 
methane peak area with time was rela tively small. The 
reason for carrying out this procedure was to con dition 
the catalyst and to ensure that all catalysts studied 
were in ap p r o x i m a t e l y  the same condition so that 
comparisons between catalysts were as valid as possible. 
Measure me nt of ac t i v a t i o n  energy
A carbon m o n o x i d e / h y d r o g e n  stream (normally 1:3 at 
40 ml m i n " ^ ) was set flowing over the catalyst and the 
temperature was stablized (norm all y bet ween 500 and 
525 K ) . The system was allo wed to reach the steady 
state (typic ally 1 h) and the products were ana ly zed at 
this temperature two or three times using the GC system 
so that a mean result could be calculated. The
temperature was then raised by about 25 K and the system
was allowed to reach the steady state, after which 
analysis was again carried out. This pr oce dur e was 
repeated at suc ces si vely higher temperatu re s until four 
or five readings had been obtained. The te mperature  of 
the reactor was then reduced to the initial value and 
after s t a b i lizatio n the produc ts were again analyzed.
In this way the qu an titie s of me thane  and other 
hy dr ocar bo n products were me asured  at various 
temp era tures and the amoun t of d e a c t i v a t i o n  could be
est imated from a com pa rison of the me tha ne peak area at
the be ginni ng and the end of a run. Corrected values of 
the meth ane peak area (in counts) were used to plot In
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CH^ peak area vs. I/T and so calcul at e the a c t i vat io n 
energ y for methane formation. A c t i v a t i o n  energies for 
other products were calc ulated in the same manner.
Me as u r e m e n t  of order of reaction with respect to hydrogen 
A gas flow rich in hydr og en was set up at a fixed 
te mp era tur e as the initial conditi ons for this 
experiment (typically CO:!^ 1:4, flow rate 50 ml min"^ ,
T = 575 K) and after s t a b liz at ion the products were 
analyzed. The c o n c e n tra ti on of hy droge n in the gas 
stream was then reduced, the total flow rate being kept 
constant by increasing the p r o p or ti on of helium. After 
sufficient time for the system to reach the steady state 
(typically 1 h) two or three analyses of the gas stream 
past the reactor were carried out. The hydro gen content 
of the gas stream was again reduced and the process 
repeated. In this way the products of four or five 
different feed gas ratios were an alyzed whilst keeping  
the total flow rate over the catalyst constant. The 
hydrogen content of the feed gas would typ ically be 
reduced from 80% to 2 0 % of the total during the course 
of a run. By plotting In (methane peak area) versu s In 
(hydrogen partial pressure) the order of reaction in 
hydrogen for m e t h a n a t i o n  could be deter mined. As in the 
case of a c t i v a t i o n  energy m e as uremen ts , at the end of a 
run (i.e. after the last point had been measured) the 
system was returned to the initial condition s used so 
that the de ac t i v a t i o n  over the period of the run could 
be estim ated and the mea sured  values obtained for each
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point could, if necessary, be corrected.
M e a s ur em ent of order of reaction with  respect to 
carbon monoxide
The procedure for this exp eri me nt was similar to 
that carried out for hydrogen. The only dif fe re nce was 
in the range of carbon mon ox ide part ial pressures used.
In order to prevent exce ssive d e a c t i v a t i o n  of the 
catalyst by using a very CO-rich feed gas, the ma xi mum 
p ropor ti on  of carbon mon ox ide in the feed was normally  
50% (i.e. C 0 :H2 1:1) and during a run this would be 
decr eas ed to 10% of the total flow.
Effect on products of changing feed gas ratio
When the e xp erime nt s to measure order of reaction 
were carried out changes were noted in the relative 
pr opo rtions of the h y d r o c a r b o n  products produced.
However, in these expe ri ments the gas stream was not 
no rmall y composed solely of carbon mo no xi de and hydrogen 
(helium was present to keep the total flow constant).
In order to see the effect of va ryi ng the feed gas 
ratio (C0 :H2 ) mixture s ranging from 1:1 to 1:8 were used. 
The flow rate was no r m a l l y  bet ween 30 and 40 ml m i n - *.
Che misor pt io n exp erim en ts
Prior to at te m p t i n g  a c h e m i s o r p t i o n  exp eriment, the 
surface of the cataly st was cleaned using hydrogen 
and/or heliu m at a p p r o x i m a t e l y  775 to 825 K . Carbon 
monox ide  was then injected in ac cu r a t e l y  known amounts 
into a helium stream flowing over the catalyst, and by
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m e a su ring the peak area before and after contact with 
the catalyst the gas taken up by the catalyst could be 
estimated. When the peak area before and after contact 
was identical it was assumed that the catalyst surface 
was saturated.
D e a c t ivat io n m e as ur ements  over long time periods 
D e a c t i v a t i o n  exper im ents were carried out by 
setting up a C O / H 2 feed under no rma l cond itions ( C O : ^  
1:3, flow rate 40 ml m i n -  ^, T = 575 K) and moni to ring the 
reduction in the various product peak areas over a long 
period of time (typically 40-60 h) .
Most of the experime nts carried out as detailed in 
this section made use of m e a s u r e m e n t  relati ve to methane 
(and higher hy drocarb on s). N o r ma ll y at one or two 
points during a run the con v e r s i o n  would be measure d by 
an alyzing the carbon mon ox id e peak area before and after 
contact with the catalyst. Also p e r i o d i c a l l y  the CO:!^ 
ratio set on the rotameters would be checked by 
ana ly zing  the gas mixture for carbon monoxi de  and 
hydro gen  prior to contact with the catalyst.
2.4.3. Studies at Elevated Pressure
Some flow reactor work was carried out on osmium 
catalysts at I.C.I. New Science Group, Runcorn.
Two reactors were used at Runcorn:
( 1 ) a 10 atm la boratory  flow reactor similar to that 
used in Bath;
(2) a high pressure (100 atm) reactor of the Berty 
type.
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2.4.3.1. The 10 atm La bo rat ory Flow Reactor
A diagram of the 10 atm reac tor is shown in 
Fig. 2.8. The reactor was of co nv e n t i o n a l  design and 
only those parts which vary s i g n i fi cantly  from the 1 atm 
reactor at Bath will be described.
It can be seen from the di ag ram that the 10 atm 
reactor was not equipped with ne edl e valve type flow 
controllers for adju stm ent of individual gas flows. 
Instead, calibr ated re str ictors were used and the 
relative pr oport ions of carbon m o n oxide and hyd ro ge n  
were varied by ad justments to the up st ream pressure on 
each restrict or using the regu la tor att ached to the 
supply cylinder. Typical pressures  up st re am of the 
restrictors would be a p p r o x i m a t e l y  300 psi and the 
composi ti on of the gas mix ture was me as ured not by using 
rotameters but by injection into the G.C. analysis 
system and subsequent ad ju stment  (if app ropr iate) on 
one or the other of the gas supply regulators. Pressure 
in the system was main ta ined by use of p r e s s u r e - l i m i t i n g  
valves whic h allowed gas to bleed past them once the 
pressure in the system reached a p r e - d e t e r m i n e d  level. 
The G.C. a na ly tical  system consisted  of two FID 
det ectors used to analyze hydr oc arbons and oxygenates 
respectively, and a separate thermal c o n d u ct iv ity 
det ect or for the analysis of CO and H 2 . The columns 
used for hyd r o c a r b o n  and oxyge nate an alysis were 
operated n o n - i s o t h e r m a l l y . The column used for CO, H 2 
analysis was operated i s o t h e r m a l l y . The output from the 
GC detectors was fed via A to D co nverters to a Texas
 1------ J ~ ^
n 2— tyQ— 1- - - ^
H2HO}AAA^Xh
D X . Aco—QIFWV-BXI— O-
C02— [ITI-VVVrtXI
N ■ \? 3 ~ — [><3
see page 60 for key
Fig. 2.8 The 10 atm Flow Reactor
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mini ma i n f r a m e  "Labnet" com pu te r and, after in tegra tion 
of peak areas, quantities of products, conversion, 
turnover frequencies  etc. were ca lculated a u t o m a t i c a l l y  
by a s o p h i st ic ated analysis pr og ram retained in the 
c o m p u t e r .
Samples were introduced into the reactor and 
n i t r o g e n  was flowed over the catalyst at room 
temperature for about 1 h. The temper ature  was then 
raised to about 475 K and a n i t r o g e n  hyd ro ge n mixture 
(4:1) was used to activate the catalyst at temperatur es 
up to a p p r o x i m a t e l y  575 K. Ca talytic testing no rm ally 
took place using a 1:1 CO:!^ mi xture at various 
tempera tu res betw een 500 and 575 K. Spectro sc opic 
techniques were appl ied to some catalysts before and 
after testing (SIMS, X P S , TEM). A rough estimate of the
metal surface area was obtained  by carbon monoxid e
a d s o r p t i o n  on to the catalyst in a separate apparatus.
2.4.3.2. The 100 atm reactor
Q 7 — Q Q
A 100 atm reactor of the Berty type was
briefly used at Runcorn. The general a r r a n ge ment of the 
equipment is shown in Fig. 2.9. The system was 
remotely operat ed by means of a PET mi c r o c o m p u t e r  and 
totally manual o p e r ati on  was not possible. The catalyst 
was loaded into the reactor which was then bolted up and 
leak-tes ted by obs erv in g the pre ss ure drop with the 
reactor isolated, filled with ni t r o g e n  at 100 atm, over 
a period of t i m e .
Carbon monox id e and hyd ro gen were then fed via a
—D><0_n/^ \/V—|
■—tXKW— — O -" 
—IXhAA-
A
see page 60 for key
Fig. 2.9 The 100 atm Berty Reactor
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rese rvo ir into the rea ctor until the pressu re reached 
100 atm. Flow rates of the gas mixture through the 
re actor were of the order of 30 ml m i n ” ^ . Products of 
the reaction were analyz ed in the same way as with the 
10 atm reactor using a similar GC a nal yt ical system, the 
only differenc e being that the analysis was entire ly 
automatic, sampling taking place via sample valves 
co ntrolled direc tly by the PET micro-comput er.
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3. RESU LTS
3.1. Adsorption, R e d uc tion and Catalysis Studies 
using the First Static System
3.1.1. 3% NIO-MgO
Two samples of Ni O - M g O  con tain in g 3 mol% Ni, namely 
3 N i O - M g 0 1 (0 . 727 g, SA = 110 m 2g _ 1 ) and 3NiO- Mg O 2 
(0.662 g, SA = 101 m 2g~*), were studied.
Prior to severe treat ment in hydroge n to reduce
2+Ni ions, the surface was c h a r a c t e r i s e d  with respect
3 +to superficial Ni f o r mati on  by the following
procedure. The samples were he ated in oxygen, cooled to
room temperature, evac uated, then heated in hydrogen.
Uptakes of oxygen and h y d ro ge n were measured at each
stage. Results are shown in Table 3.1, where the
temperature in brackets indicates the highest
temperatu re  used. The infe rence to be drawn from
Table 3.1 is that the h y d ro ge n uptake is due to the
reduction  of s up er ficial  N i ^ + to N i 2+ .
After these trea tments the samples were heated in
hydro g e n  to 803-903 K in order to effect the reduction 
2+of Ni ions. The a d d i t i o n a l  uptakes of hy drogen are 
shown in Table 3.2, whe re the brackets indicate the 
treatment given.
Oxygen c h e m i s o r p t i o n  was studied on the reduced 
samples first at room tem pera tu re and then at 
temperatures up to 523-573 K to give a measure of the
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Table 3 .1
Oxygen and Hy drogen  Uptakes on 3NiO-MgO
Trea tment
Up t a k e / m i c r o m o l m - 2
3NiO-MgO 1 3NiO- Mg 0 2
Oxygen 0.137 (853 K) 0.015 (623 K)
•fir
Hydrogen 0.287 (679 K) 0.052 (633 K)
* Samples became pale green after this treatment
Table 3.2
High Te mperature Re du ction of 3NiO-MgO
_ o
Hydrogen u p t a k e / m i c r o m o 1 m 
3NiO-MgO 1 3Ni O- MgO 2
0.730 (803 K, 2 h) 0.430 (903 K, 2 h)
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Table 3.3
Oxygen Cheraisorption at Room Tem pe rature (R T ) and Above
on Reduced 3NiO-Mg O
_ O
U p t a k e / m i c r o m o l  m
Treatment
3N iO-Mg 0 1 3Ni O-M gO 2
Exposure to oxygen 
at room temp.
0.018 0 .039
Further exposure up to
ca 525 K and
cooling to room temp.
0.031 0.064
amount of reduced nickel (Table 3.3).
The cycles were then repeated. The samples were r e ­
reduced in H 2 , oxygen c h e m i s o r p t i o n  was remeasured  as 
before, and finally there was again reduction  in H 2 . 
Re spectiv e values are shown in Table 3.4.
Following the above reaction, the catalytic 
reactions of ethane hyd ro g e n o l y s i s  and carbon mo nox ide 
h y d r o ge nation  were carried out on both samples using the 
pro cedure des cribed in Section 2.4.1.6. Results are 
given in Table 3.5.
Ethane h y dr ogenol ys is was con du ct ed at 573 K 
using a 1:1 mixture and the fract io n of ethane reacted 
in 30 minutes (denoted by x) was taken as the measure 
of activity. The initial pressure of hyd ro gen (with
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Table 3 .4
Uptakes of Hydrogen and Oxy ge n During Further 
R e d u c t i o n - O x i d a t i o n  Cycles on 3NiO-MgO
Treatment
Up t a k e / m i c r o m o l m - 2
3NiO- Mg 0 1 3Ni 0-“Mg 0 2




Oxygen to 525 K 0.053 0.088
Hydrogen 0.094 (597 K) 0.201 (585 K)
ethane condensed) was meas ur ed (pQ ) and also the 
pressure of CH^ + H 2 after 30 minutes with residual 
ethane condensed (P3q)* Co nsider  the reactio n of a_ moles 
of ethane with a_ moles of hy d r o g e n  acco rd ing to the 
st oi chiomet ry  C 2H^ + H 2 = 2CH^. After 30 minutes the 
initial number of moles of H 2 (prop or tional to p Q ) will 
be reduced from a to a(l-x), and 2ax moles of CH^ will 
have formed, giving a total amount of CH^ + H 2 equal to 
a(l+x) moles (pr oportiona l to P 3 q).
Thus p^o / p Q = a(l+x)/a = 1 + x .
Hence x = (p3 0 /po ) - 1 (9)
CO h y d r o ge nation  was con du cted at 523 K using a 
1:3 C0 :H2 mix ture and an initial total pressure of 
20-25 torr. The activ it y given in Table 3.5 is the 
initial activity av erage d over the first thirty minutes
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Table 3 . 5
Ethane H y dr og enolys is  and Carbo n Monoxide Hy d r o g e n a t i o n
Over Reduced NiO-MgO
Catalyst
3Ni O-Mg 0 1 3NiO-MgO  2
Activity  for ethane 
hydrog en olysis  at 573 K 0.32 0.84
Initial activity for CO 
h y drog en ation at 523 K 0.33 0.55
Conversio n in CO 
h y drog en ation w . r . t . H 2/% 55* 91**
Products of reaction only C H a 
detectea
CHa and 
( < 1%) of 
and ^ 2^6
traces
c 2 H 4
* After 1.33 h reacti on ** After 0.5 h reaction
of reaction, and is expressed  as (P0 “ P 3())/Po w ^ ere P Q *s 
the total initial pressure (measure d with the sample at 
523 K) and p^Q is the total pressu re  after 30 minutes 
reaction at 523 K.
3.1.2. CoO-MgO
3.1.2.1. 3% CoO-MgO
Three samples of CoO-MgO co nt aining 3 mol % cobalt 
were studied. As in the case of the nickel samples, 
these will be referred to as 3Co O- MgO 1, 3Co O- MgO 2 and 
3CoO-MgO 3, respe ctively. General data on the three 
catalysts are shown in Table 3.6. After meas u r e m e n t  of
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the surface areas, oxygen  and hydro ge n uptakes were 
measure d as in the case of N i O -MgO (Section 3.1.1.)* The 
results of these experi ments are shown in Table 3.7.
R e d uc tion of 3CoO-MgO solid solutions
The same general proc ed ure was followed as for the
nickel systems (Section 3.1.1), but CO was dosed to the
2+samples prior to any attempt to reduce Co ions in 
hydrogen. After CO c h e m i s o r p t i o n  at room temperature, 
the temper ature  was raised to 875-900 K for a period 
of a few hours. This CO p r e t r eatmen t had been found to
Table 3.6 
Data for 3CoO-MgO Catalysts
3Co O-M gO 1 3Co O- MgO 2 3CoO-MgO 3
Wt. loaded /g 0.654 0.596 0.680
Initial outgas 
max. temp. /K 933 894 922
BET surface 
2 — 1 area / m g 105 175 89
be essent ia l in the case of low cobalt co nc entrati on s if
any measur ab le re duc tio n by hydrog en below 1000 K was to 
5 0 8 9take place. The actual uptakes of CO are shown
in Table 3.8 (no data are shown for 3 C o O -M gO  2 since 





Oxygen and Hy droge n Uptakes (micromol m ) on 3CoO-MgO
2+Samples Prior to Susta ined R e d u c t i o n  of Co Species
3 C o O - M g 0 1 3C oO-M gO  2 3CoO-*MgO 3
Oxygen 
up take
0.067* (RT) 0.135* (RT)
0.166 0.484 
(837 K ,5 h) (823 K,3 h)
0.096* (RT) 
0.144




0.000* (RT) 0.000* (RT)
0.387** 0.198**




(588 K ,3 h)
* exposure at room temp eratur e (RT) for typically  2 h
reduct ion of su perficial Co ^ + to Co^+ 
Table 3 . 8
High Te mperat ure Red u c t i o n  of 3CoO-M gO
Treatment
Uptake /micromol m - 2
3CoO- MgO  1 3 CoO- MgO 2 3 CoO-MgO 3
CO 0.143 unreliable 
(870 K,2 h) data
0.366
(895 K ,5 h)
h 2 0.045 0.025 
(900 K ,3 h ) ( 1000 K , 5
0.000 
h) (950 K ,4 h)
As can be seen from Table 3.8, the uptake figures 
for hyd ro gen are very much smaller than in the
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equi va le nt nickel case (Section 3.1.1.). The small
uptakes made subsequent oxygen c h e m i so rption
measureme nt s on the reduced cobalt very inaccurate;
for example, the value obtained for oxygen
ch em isorpti on  at room te mp erature on 3CoO-MgO 1 was
_ o
0.072 micromo l m but prior to high te mpe rature
_ 2
reduction the figure was 0.067 microm ol  m . As
redu ct ion was so very slight, the latter figure must be
subtracted from the former to obtain a net value, i.e.
_ 2
0.005 micromol m . Because of the errors inherent in
this treatment the oxygen c h e m i s o r p t i o n  values obtained
were not m e a n in gf ul and the refore have not been quoted.
In the case of 3CoO-M gO 3, where no uptake of
hydrogen  was found, CO was redosed at 900 K for 12 h.
_ 2
An uptake of 0.480 micromo l m was observed, but this
was proba bly due to the Bou douard reaction  (2 CO ->C+C0 2 ),
with C O 2 being condensed in the cold trap, rather than
2+  2 —to reduction of Co 0 ion pairs by CO.
Catalytic be ha viour of 3CoO-M gO samples
Ethane h y dr ogenoly si s and carbon monoxid e 
hy d r o ge nation were carried out as test reactions after 
the treatments de scribed above. Table 3.9 shows the 
activity in ethane h y d r o g e n o l y s i s , the ac ti vity being 
calculated in the same way as for the ni ckel system 
(Section 3.1.1.).
After the ethane h y d r o g e n o l y s i s , 3Co O- MgO 1 and 
3CoO-MgO 3 were tested for carbon monoxide  
hyd ro ge nation  and the results are shown in Table 3.10.
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Table 3.9
Ethane H y drogeno ly sis Over Reduced 3CoO-MgO
3Co O- MgO 1 3Co O- MgO 2 3CoO-MgO-3
Activity 0>39 0 3 1  0 0 6
at 573 K
Table 3.10
Carbon Monoxide  H y d r o g e n a t i o n  at 525 K Over 
Reduced 3CoO-MgO
Catalys t CO :H2 Ini t . Convers ion P r o d u c t s /%
ratio rate % c h 4 c2H6 c 2 h 4 > c 2
3Co O-Mg 0 1 1:2.7 0 .25 1 . 8 (0 .5h) 96.0 <— 3. 2 — > 0.9
3CoO-MgO 3 1:3.8 0.21 v .sm a l 1 - -
3CoO-MgO
*
3 1:3.6 0.28 6 8 (8h) 96.0 1.5 1.1 0.6
•Jf
After high temper ature outgas to 975 K
After the cata lytic testing it was found that the
O _ 1
surface area of 3CoO-MgO 1 was 61.2 m g  , i.e. a 
decrease of about 50%.
As more no n- m e t h a n e  products were produced by these 
catalysts than with the n i c k e l - c o n t a i n i n g  catalysts, 
further testing was carried out on 3CoO-M gO 3 to 
invest iga te the effect of changing the feed gas ratio. 
Table 3.11 shows the results of these experi ments. Prior 
to these experi me nt s the catalyst was again exposed to
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Table 3.11
Carbon Monoxid e H y d r o g e n a t i o n  at 525 K Over 3CoO-MgO 3 
Using Di fferent  Feed Gas Ratios
CO :H2 Initial Conve rs i on Products
ra t io rate % w .r .t .CO c h 4 c 2H 6 c 2h 4 > c 2 co 2
1 :1.1 0.28 51 (24 h) 40 3.8 11 9 .2 36
4»
1:3.6 0.28 68 (8 h) 96 1.5 1.1 0.6 0.0
1 :8.1 0.11 100 (4 h) 100 0.0 0.0 0.0 0 . 0
* From Table 3.10
hydrogen at tem pera tures  up to 990 K but no uptake of 
hy dr og en was measured.
3.1.2.2. 10% CoO-MgO
Studies with C o O -MgO co ntaining 10 mol% Co were
9 — 1
limited to one sample. 0.617 g (SA = 37 m g  ) were
loaded into the react io n vessel and outgassed  at 893 K.
3 +After treatment in H 2 to reduce any Co present to
O 1
Co (cf. Table 3.7), oxygen was admitted, giving
—  9 —  9uptakes of 0.047 micromol m and 0.618 micromol m at
room temperature and 673 K res pectively. Hydrog en  uptake
following e v a c uati on  of the una ds orbed  oxygen  was
_ o
1.238 micromo l m .
The solid sol ut ion was then given a sustained
re duc tion tre atment in H 2 over several days at 823 K,
_ o
resulting in a further uptake of 1.182 micromol m .
After the high temp eratu re  r e d uct io n treatment,
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oxygen c h e m i s o r p t i o n / o x i d a t i o n  was performed to measure
the extent of reduction. The total uptake was 0.250 
_ o
micromol m at room temp eratu re  inc reasing to 0.761 
_ 2
micromol m at about 575 K.
The system was re-reduce d using hyd ro gen at
te mpe ratures  up to 675 K and the ethane h y d r o g en ol ysis
test reaction was carried out at 575 K. The a c t ivity
measure d under the same conditio ns as described above
(Section 3.1.1.) was found to be 0.45.
The carbon monox id e h y d r o g e n a t i o n  reaction was then
carried out at 525 K using d i f f erent CO:!^ ratios.
Between each catal ytic run the cat al ys t was exposed to
hydrogen at 675 K. The results of these ex periment s are
summari zed  in Table 3.12.
Oxygen c h e m i s o r p t i o n  was perfo rm ed after the
catalytic testing. Table 3.13 shows the changes in the
total uptake before and after the catalysis. Finally
the sample was exposed to hy dr ogen at about 550 K to see
how closely the uptake corre s p o n d e d  with the total
oxyge n uptake after catalysis. The value obtain ed was
_ 2
1.280 micromo l m which is in fairly good agr eemen t
with that exp ec te d from the final figure in Table 3.13,
(2 x 0.732 = 1.464 micr om ol m~^).
Before removal of the sample from the system,
another BET surface area d e t e r m i n a t i o n  was carried
2 _ 1
out. The value obtained was 31 m g  , a re duc tion of 
17% on the value mea su red initially. The weight of the
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Table 3.12
CO Hy dr o g e n a t i o n  at 525 K Over Reduced lOC oO-MgO
C O : H 2 Init i a 1 C o n v .% Products /m ol%
ra t io rate wrt CO c h 4 c 2h 6 C 2H 4 C3 H 8 C 3 H 6 > C3 CO 2
1 :1.1 0 .16 7 4 / 12h 44 2.5 6.9 1.6 16 3.3 25 .
1:3.2 0.42 8 6 / 27h 96 2.3 --------0.5 ---------> 1 .2
1 :8.0 0.23 7 2 / 32h 93 <---- -------- 7------------- > -
Co mpa rison of
Table 3.13
Oxygen Uptake on Reduced lOCoO-MgO Before 
and After Ca talytic Testing
_ O
Uptake /micromol m 
Before After




sample was found to have increased by about 1%, 
possibly due to carbon dep os ition durin g testing.
3.1.3. C o b a l t - contai ni ng Spinel Solid Solutions 
3. 1.3.1. Mg A1 q O/j
In order to be able to assess "blank" uptakes of 
hydrogen, oxygen and CO by the solvent ( M g A l 2 0 4 ) surface 
prior to testing spinel solid solutions co nt ainin g
87
cobalt, a high surface area sample of M g A ^ O ^  prepared in 
the same manner as the cat alysts was studied. The 
weight of the sample was 0.550 g, and the surface area
O _ 1
(BET) was 36.0 m g  . A d s o r ption s were studied at room 
temperature (R T ) and at elevated temperatur e 
(Table 3.14), the sample being ou tgassed to about 875 K 
between the ads orpt io n meas u r e m e n t s  for each gas.
3.1.3.2. 10% Cobalt-Spinel
Two samples were studied, denoted as lOCoSpinel 1 
and lOCoSpinel 2, respectively. 
lOCoSpinel 1
The weight of the sample loaded into the system was
0.468 g. After a high temperature outgas, the surface
2 — 1area of the sample was measure d (BET) as 71.4 m g
Table 3.14 
Adsorptio n on M g A ^ O ^
Gas
_ 2
U p t a k e / m i c r o m o l  m
°2 at RT 0.036
°2 at 725 K 0 .036
CO at RT 0.035
CO at 725 K 0.267
H 2 at RT none
h 2 at 575 K none
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The sample was then dosed with hydr og en (15 torr).
No uptake was recorded at room temperature,  nor after 
increasing the tem perature in stages to 1000 K. In spite 
of this apparent lack of red uction, ca tal yti c testing 
was carried out using carbon m o n o x i d e  and hy drog en  in 
various ratios, with results as shown in Table 3.15. 
lOCoSplnel 2
9 — 1
A sample (0.467 g, SA = 67.1 m g  ) was tested for 
activity in CO hy drog e n a t i o n  w i th out any attempt at p r e ­
reduction. In this way it was hoped that the act i v i t y  of 
the unreduced solid solution for this reacti on could be 
tested. It was found that the initial relative rate (as 
previou sl y defined) was 0.020 when the COjH^ ratio was 
1:3. This is about one-third the value obtained for 
lOCoSplnel 1 under similar con dit ions (Table 3.15).
Table 3.15
Carbon Mo no xi de H y d r o g e n a t i o n  over lOCoSpinel 1
CO :H2 Temp Ini t C o n v . P ro du cts/mo l%
ra t io K ra t e %/t c h 4 C 2 H 4 c 2h 6 c 3H 6 c 3 H 8 C 4 CO 2
1 :1.0 575 0.194 - - - - - -
1:2.5 525 0.066 8 4 / 26h 56.3 15.7 7.1 2.0 11.6 1.0 6.3
1:3.0 575 0 .065 83/ 8 h 67 .0 1 1 . 1 2 . 9  1.2 1.7 0.0 16 .1
Further studies with the c o b a l t - c o n t a i n i n g  spinel 
solid solutions were carried out in the second static 
system and these are descr ibed in Section 3.2.
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3.2. Adsorption, Red uc tion and Catalysis Studies 
Using the Second Static System 
Reduction, cheraisorption and cat alysis were 
investigated on Co- con ta ining spinels with cobalt 
con ce nt ration s ranging from 5 to 20 mol % cobalt. The 
system cal ibr ation s and the mass spect ro me ter  
calibra ti ons will first be described.
3.2.1. Volume and Pressure Calibratio ns
The volume of each of the gr aduate d bulbs fitted to 
the system was measured by w e i ghing empty and then 
filled with mercury. The values obtaine d were (in cm'*) 
6.82, 15.37, 27.98, 55.21 and 95.44 res pectively. The 
total volume of the McLeod gauge and the volume per cm 
of capillary were similarly found by weigh in g with 
mercury. The resulting c a l i brat io n gave
p/torr = 5.8 x 10- ^ x ( h 2 - h ^ ) 2 (10)
where (h2 _ hj) is the height differ en ce of the merc ury  
levels in the capillaries. The e l e c tr ic al pressu re 
transducer was calibrated by compari ng  pressure readings 
with those obtained using the me rcury manometer. The 
mean of several sets of readings was used and the data 
are prese nted in graphical form in Fig. 3.1.
Having calib rated the tra nsd uc er the known 
volumes of the gr aduated bulbs were used to calibra te the 
remainder of the system volumes using gas expansion  




System Volumes (in cm ) by Gas Expansi on
Trap area 25 .6





Sample area (liq N 2 ) 33.5
Liquid ni t r o g e n  level to fixed mark.
calcula ted  volumes were used to reca lc ulate the volume of 
the graduated  bulbs. Compari so n with the values 
obtained by me rc ury weighing showed the diff erenc e to be 
less than 1% .
3.2.2. Cal ib ra tion me as u r e m e n t s  for mass s p ec tr ometric
Attempts were made to improve the analysis obtained 
with the mass s pectr om eter al re ady in use with the first 
static system. The procedure adop ted  was based on the 
analysis pro ce dure previo us ly employed.
F r a g m enta ti on patterns for CO, C O 2 , CH^ , £ 2^ 6 ’
C 2H 4 , N 2»02 were me as ured under the conditions 
employed in the reaction  studies. The pro cedure 
pr eviously  emp lo ye d for mixtur es was to measure the 
length of a line specific to a par t i c u l a r  gas and from 
it to deduce the c o n t r ibution  of that gas to all other 
lines in the spectrum. These c ontr ib utions were then 
su btracted from the total spectrum. By repea ting this 






































Pressure (Hg manometer) / torr
Fig. 3.1 The Calibration for the Electrical Transducer
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the spectrum of each gas could be found. The sum of all 
the line lengths for each in dividual gas should then 
be equal to the total length of all the lines in the 
spectra (assuming no un known gas present). The 
partial pressure of a p articu la r cont r i b u t o r  was 
ori gin ally taken as its total line length divided by 
the total line length of the spectra.
The above treatment implies that the 
spe ctr omet er  responds similarly to each gas, which 
is unlikel y to be the case. Ideally, calibrati ons 
for each ind ividual gas are needed. However, calib ra tion 
experiments involving kno wn qu antities of gas were 
impracticable, since gas samples were admitted  to the 
sp ectromet er via a leak valve. The solution devised 
for the present work was to introdu ce se nsiti vity 
factors for each gas as follows. CO was chosen as 
standard (sensi tivity factor = 1 .0 0 ), and factors 
for each other gas (X) were det er mi ned by making 
known mixtures of gas X with CO (mol fractio n n x ) 
and meas ur in g the mass spectrum. The relation used was 
t h e n :
“ x - < Lx S x > / < L C 0 S C0 + Lx Sx> < “ >
where
n x = mol fractio n of X in the mixt ure  with CO,
Lx = total line length due to x,
L co = total line length due to CO,
Sx = s en sitivi ty  factor for x,
S^ q = sensit ivity factor for CO, defined as 1.00.
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The above equation can be rearranged  to:
n x^CO “ ” n x^x^
Hence a plot of n x L CQ versus L x - n x L x will give the 
value of Sx from the gradient of the straight line. 
Details of the procedure for hy d r o g e n  are given in 
Table 3.17 and Fig. 3.2. The other gases for which 
values are quoted were treated in a similar way and the 
values of the se nsitivity  factors obtai ned are shown in 
Table 3.18. The value for C O 2 varied betw een 0.95 and 
1.05, so a mean value of 1.0 has been used in 
calculations. When the factors had been estab lished, 
mixtures of unconden sed gas (CO, H 2 and C H ^ ) could be 
analyzed with maximum errors of about 3% for each gas.
It was intended that a similar procedure  should be 
adopted for the condensed products of the h y d r o g e n a t i o n 
reaction, but cali bratio n e xp erimen ts  proved 
u n s a t i sf actor y due to problems involved in obtaini ng 
sample gas whi ch was s uffici en tly pure. Fortunately, 
the relative quantit ies of conde nsed products were 
no rmall y small compared to the unc o n d e n s e d  gas. For 
this reason the errors introduced by taking the 
se nsi tivity factors of condensed gases to be equal to 
unity were thought to be small, and therefore this 
proc edu re was adopted for these products. However, in 
order to improve and stand ardize the analysis of 
condensed gas, a computer pr og ram was developed  to 
calculate the mole perc entage of each gas 
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Fig. 3.2 The Mass Spectrometrlc Calibration for H q
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Table 3.17
Deter m i n a t i o n  of Sens it ivity Factor for Hyd ro gen  




of H 2 
(nH )
Total line 
le ngt h/mm L H n HL H n H L CO
CO H 2 CO H 2
20.1 79.9 0.799 27 110 22.11 21 . 57
39.8 60.2 0.602 85 137 54.53 51 .17
60 .0 40.0 0 .400 159 114 68.40 6 3.60
80.0 20 .0 0.200 259 70 56 .00 51 .80
00 .0 100.0 1 .000 8 155 0 8
Calcula ted
Table 3.18 




CO 1 .00 (ass i g n e d )
H 2 0.94
ch 4 0.76
c2 h 6 0.43
CO 2 0.95 - 1.05
3.2.3. 5% Cobalt -S pinel
One sample of 5% Co ba lt- Spinel (5CoSpinel 2,
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0.146 g, SA = 72 m^g"’* ) was studied. The sample was
one which had been washed with ni tric acid to remove
CoO-MgO phase.
Initial treatment was with CO up to 920 K for 1 h
_ 2
and an uptake of 0.530 mic romol m was recorded. 
Subsequent treatment in H 2 gave a hydrog en  uptake of 
0.051 microm ol m*”  ^ (7 h, 930 K) , after whic h a CO 
hyd rogen at io n expe riment was attempted. The ac t i v i t y  
was neglig ible. Further treatment in hydrog en at 
increasing temperatur es with cataly ti c testing (CO + H 2 ) 
between re du ction treatments is shown in Table 3.19. 
After each catal ytic run the sample was sub jected to 
outg ass ing at high temperature, typic al ly 875 K. An 
oxygen c h e m i so rption experimen t was also carried out. 
Unless ot her wis e stated, uptake values are in m i c ro mo l
_ o
m . The ratio of CO to H 2 in the cat al ytic tests was 
1:3. and initial activi ty  (rate) is as defined in 
Section 3.1.
For ca talytic runs where m e a s u r a b l e  ac tivi ty  was 
noted, product dis tri bu tions are shown later in a 
summary table (Table 3.24). After the final 
h y d r o ge nation  experiment, the catal yst was tra ns fe rred 
to the flow reactor for further study (Section 3.4.1).
3.2.4. 10% Co ba lt-Sp inel
A 10% Cob alt -Spi ne l sample ( lOCoSplnel 3, 0.403 g, 
SA = 61 m ^ g - ^) which had been acid washed  was used in 
these exp eriments. A pro cedure sim ilar to that used 
with the previous sample was then employed, i.e.
97
red uc tion  treatment of i n c r ea sing severity followed by 
testing for catalytic activity.
The results are shown in Table 3.20 where the 
conditions are as in Table 3.19 unless otherwise stated. 
Product dis tribu ti ons for runs where acti vi ty was seen 
is shown in Table 3.24.
3.2.5. 15% Cobalt-Sp inel
0.420 g of 15CoSpinel (acid-washed, SA = 55 m ^ g ” *) 
was used. The results of the re du ction tre atments and 
the catalyt ic testing are shown in Table 3.21. Further 
details of the second and third cat al ytic tests are 
shown in Table 3.24. At the end of the expe riment al  
sequence the B.E.T. surface area of the spinel was again 
measured, and no reduc ti on was seen.
A series of e x p e rim en ts on oxygen  chemiso rp tion/ 
oxidation was carried out to study the effect of gas 
pressure on uptake. Results are shown in Table 3.22, 
where each entry indicates ad m i s s i o n  of a new dose of 
gas after e v a c ua ti on at 295 K.
3.2.6. 20% Cob alt-Sp in el
An a c i d -wash ed  sample (2 0CoSp inel 2, 0.715 g, SA =
2 — 153 m g ) was used. Results of the expe riment s carried 
out are shown in Table 3.23. More detail ed results of 
the ca talytic expe riment s are shown in Table 3.24.
As with the previous sample a B.E.T. surface area 
d e t e r m i n a t i o n  was carried out at the end of the 
e xp er imenta l sequence. The value obtain ed was slightly 
higher than the original m e a s u r e m e n t  and it was
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con cluded that no reduction in surface area had occurred.
Table 3.19
R ed uc tion and Catal ytic Be ha viour of 5CoSpinel 2
Tr ea tmen t Temp./K 
( m a x .)
Result __ O
(Uptake values in micromol m )
CO/1 h 920 Uptake 0.530
H 2/7 h 930 Up take 0.051
CO + h 2 575 No reaction after 4 h
H 2 /3 h 940 Up take 0.143
CO + h 2 575 No reaction after 2 h
CO + h 2 633 No reaction after 2 h
H 2/3 h 975 Uptake 0.445
CO + h 2 575 No reaction after 3 h
CO + h 2 
C O : H 2 =
613
1:2.9
Init. rate 0.001; Conv. 26% 
over 1.5 h; Mostly methane, 
some C 0 2 . See Table 3 . 2 4 , a
H 2/6 h 1005 Uptake 1.000
CO + h 2 575 No rea ct ion after 1 h
CO + h 2 643 Init. rate 0.023; Conv. 14% 
over 4 h; Large form at ion C 0 2 . 
See Table 3.24,b
H 2/13 h 1030 Uptake 0.552
0 2/ 0.2 h 293 Uptake 0.266
0 2/ 1.2 h 600 Uptake 1.714
H 2/ 4 h 625 Uptake 3.150
CO + h 2 
C O :H 2 =
575
1 :2.8
Init. rate 0.066; Conv. 18% 
over 6 h. Traces of C 2 .
See Table 3.24 , c .
In this and the following tables c onversi on  is based on 
c a r b o n - c o n t a i n i n g  products.
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Table 3.20
Re duction and Catalytic Be ha viour of lOCoSpinel 3
Treatment Te mp./K  
( m a x . )
Result
— 9
(Uptake values in mi cromo l m )
CO/1 h 890 Value of uptake not reliable
H 2/1.5 h 870 Uptake 1.103
CO + h 2 573 No rea ction after 1 h
H 2/ 1 . 5 h 940 Uptake 0.932
CO + h 2 575 No reaction after 1 h
CO/2 h 980 Sample holde r a c c i d e n t a l l y  
leaked to atm pressure at 980 K. 





SA = 62 m g  (no change)
CO/4 h 990 Uptake 1.212
H 2/9 h 1000 Uptake 1.266
CO + h 2 580 No m e a s ura bl e reaction 
after 10 h
H 2/8 h 1070 Up take 0.724
CO + h 2 574 Init. rate 0.049; Conv. 15% 
after 60 h. The C 2 and C^
C 0 : H 2 = 1 : 2 . 7 account for 15% of products; 
Small ( c a . 2 % ) C 0 2 . See Table 
3.24 ,d.
0 2/2 h 292 Uptake 0.703
0 2/1.5 h 660 Uptake 1.108
H 2/l h 693 Uptake 3.422
CO + h 2 ca 575 Init. rate 0.143; Conv. 30% /20 
Signifi ca nt C2 and C^ . See
C O : H 2 = 1 : 2 . 3 Table 3.24 ,e .
o 2/i h 291 Uptake 0.732
0 2 /1.5 h 685 Uptake 1.271
H 2 /6 h 687 Uptake 3.161
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Table 3.21
R e d u c t i o n  and Catal ytic Beh av iour of 15CoSpinel
Trea tm ent Te mp./K Result _ o
(max.) (Uptake values in mic ro mol m )
CO + H, 575
CO/0.5 h 291
C0/17 h 933
H 2/20 h 971
CO + H,
C O : H 2 = 1:3:4 
0 2/l h 
0 2/l h 
H 2/5 h
H 2/12 h 
0 2/0.5 h 
0 2/2 h 












Init. rate very slow; Conv. not 




Init. rate 0.669; Conv. 61% 
over 6 h. Condensed  products 








Init. rate 0.622; Conv 32%; 
Cond. products mostly C 0 2 . 
See Table 3 . 24 , g
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Table 3.22 
O 2 Uptake on 15CoSpinel
_  o
Run T/K Pressure Uptake /micromol m
no. /torr Each run Total
1 295 nil 0.531 0.531
2 295 3.38 0 .103 0.634
3 295 4.65 0.073 0.707
4 295 11 .22 0.016 0.723
5 295 17 .60 nil 0.723
Note: Pressu re refers to final value
Table 3.23
Re duction and Catal ytic Be haviou r of 20CoSpinel 2
Treatment Te mp./K Result
(max.) (Uptake values in mic romol  m~^)
CO/1 h 293 Uptake 0.313
C O /20 h 952 Uptake 1.059
H 2 /12 h 980 Up take 0.826
0 2/0.5 h 293 Uptake 0.297
0 2 /2 h 675 Up take 0.749
H 2/3 h 703 Uptake 1.925
CO/0.5 h 293 Up take 0.110
CO + h 2 
C 0 : H 2 = 1:3.2
573 Init. 
12 h.
rate 0.194; C o n v . 
See Table 3 . 24 ,h
0 2/0.5 h 292 Uptake 0.288
0 2/l *5 h 975 Up take 0.893
H 2/7 h 613 Uptake 1.675
CO + h 2 
C 0 : H 2 = 1:4.1
575 In i t . 
4 h.
rate 0.426; C o n v . 
See Table 3 . 24 , i
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Table 3.24 
Products of CO Hy d r o g e n a t i o n  
Over Coba l t - S p i n e l  Catalysts
Re f . C 0 : H 2 
ra t io
Catalyst C o n v .* 
/%
c h 4
P r o d u cts/ mo l%  
c 2 h 4 C 2H 6 C 3 c o 2
a 1 :2.9 5CoSp inel 2 26 95.6 0.3 1.1 0.7 2.3
b 1 :3.0 5 CoSp i n e 1 2 14 85.4 4.4 0.4 9.8
c 1 :2.8 5CoSp inel 2 18 92.3 0.7 0 8.2
d 1 :2.7 lOCoSplnel 3 15 82.7 2.7 10.1 1.9 2.6
e 1 :2.3 1 OCoSp inel 3 30 29 .4 23.3 24.7 8.6 14.0
f 1 :3.4 15CoSpinel 61 68.2 0.8 0.1 0.3 30.6
g 1 :3.0 15CoSpinel 32 90.7 2.0 0 7.3
h 1 :3.2 20CoSp inel 2 41 86.0 8.7 0 5.3
i 1 :4 .1 20CoSp inel 2 57 98.6 0.9 0 0.5
Conversio n with respect to CO
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3.3 Cat alytic Studies In the First Flow System
Studies in the first flow system were aimed more at 
as sessment  of the apparatus design rather than detailed 
study of any one catalyst. However, in add it ion to 
various isolated exp eri ments , the lONiO-MgO system was 
studied. All q u a n t ita ti ve work was based on the 
su pp osit io n that (for a symmetri cal peak) the peak area 
was propo r t i o n a l  to the height of the peak times the 
width of the peak at half height. This a s s u mp tion was 
needed as no in tegrator  was av ailable at this time.
1 ONI O-M gO
lON iO-MgO (0.40 g) was loaded into the reactor and 
re-r edu ced in H£ ove rnight (the sample had al ready been 
reduced in the static system). The a c t i va tion energy 
for m e t h a n a t i o n  was me as ured using the method described 
in Section 2 (see also Section 3.4 below) by makin g runs 
at various temper at ures and m o n i to ring the size of the 
methane peak. By plo tt ing In (peak size) versus 1/T, 
the ac ti v a t i o n  energ y was ca lc ula ted as 153 kJ m o l - * 
(Fig. 3.3 C O :H 2 = 1 : 3 , 575 K ) .
Orders of reaction  for m e t h a n a t i o n  were es ta b l i s h e d 
by vary ing  the part ial pressure of each gas. The values 
obtained were -0.9 for CO and 0.9 for hyd rogen (see 
Fig. 3.4).
The d e a c t i v a t i o n  of the catalyst was studied at 
575 K (C0 :H2 = 1:2) and the in fo rmation is shown in 
Fig. 3.5. Fig. 3.6 shows the increase in the size of 
the methane peak in an other expe ri ment after the CO 
stream was turned off.
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Fig. 3.3 Arrh en ius Plot for lO NiO-M gO
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Fig. 3.6 Methane Peak Area with Time after CO Turned off
Over 10 NI O-M gO
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3.4. Ca talytic Studies In the Second Flow System
CO h ydrogen at ion was i nv estigat ed  on reduced Co- 
contain in g spinels with cobalt concen t r a t i o n s  ranging 
from 5 to 20 mol % cobalt. The gas flow and GC analysis 
system will first be described.
The flow system (Section 2.4.2.) contained 
rota met ers for the helium, hy dr ogen and CO streams.
These were supplied with a no t i o n a l  set c alibra ti on by 
the m a n u f a c t u r e r s  but the cal ibratio ns  were checked 
after installation. The c ali br ations were found to be 
nearly  linear, but flow rates depart ed c o n s i de rably from 
the set values. Results are shown in Table 3.25.
The norma l operating cond itions  for the GC analysis 
were those given in Table 3.26. The se ns itivity of both 
de tec tor systems was dete rm ined for all expe cted feed 
and product gases. The me thod used was to inject pure 
samples of each gas into the system using the same 
sample loop and integrate the response of the detector 
into a "count number " by means of a computing 
integrator. By setting the count for one gas equal to 
unity, the dif fer ence in respon se of the detector to 
different gases could be taken into acco unt by 
int ro du cing a "sen sitivity factor" into analysis 
ca lcu lations. For each gas the retention time was also 
mea sured. Using the thermal c o n d u c t i v i t y  det ec tor the 
factor was set at 1.00 for carbon monoxide, and 
Table 3.27 shows the results of this procedure. The 
flame ioni za tion detector was calibra ted in the same
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Table 3.25
Co mp arison of Indicated Flow to True Flow for Gases 
Used in the Flow System
Gas Set flow ]
Measured
fate
flow rate 3 — 1 cm min
cm m i n ~ J
1 2 3 Mean
Helium 6 6.1 6 .1 6 .1 6 .1
10 10.4 10.4 10.4 10.4
20 23.0 23.2 22 . 9 23.0
30 35.5 35.7 35.7 35.6
40 47.2 48 .0 48 .6 47 .9
50 62.5 62.5 62.5 62.5
60 77.9 77.9 78.3 78.0
Hydrogen 10 10.8 10.8 10.9 10.8
20 21.6 21.4 21.4 21.5
30 31.9 32.2 32.2 32.1
40 42.8 42.8 43.1 42.9
60 66.7 66.7 66.7 66.7
80 86.5 87.4 86.5 86.8
100 107 .1 105.8 107 .1 106.7
Carbon 
monoxi de 10 10 . 5 10.5 10.4 10 . 5
20 21.3 21.1 21.1 21 .2
30 32.9 32.8 32.9 32.9
40 44.8 44.8 44.9 44.8
50 56.6 56 .5 56.6 56.6
60 68.8 69.0 68.7 68.8
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Table 3.26
Normal Op erating Conditions for GC Analysis
Parameter Normal setting
Column carrier flow rate 3 0 cm ^ m i n ” *
Column tem perature 363 K
Injector temper ature 353 K
Detector temperatur e 423 K
Flame ionization dete ctor a t t e n u a t i o n 80
Thermal c o nduc ti vity detector a t t e n u a t i o n  4
Rear column packing Po ropak Q (F . I . D . )
Front column packing Mo lecula r sieve 5A
Injection loop size (pre-reactor) 0 .20 cra^
Injection loop size (post reactor) 0.23 cm ^
Table 3.27
Re tenti on  Time, Peak Area and Calcul at ed Se nsitivity 








Sens i t ivi ty 
coeff icient
Oxygen 1.87 10522090 1 .12
Carbon
monoxide 7.77 11797955 1 .00
Hyd rogen 1 . 10 174865 67.46
Methane 4.63 9615481 1.23
Ill
way. In this case methane was used as the internal 
standard and was assigned a s ensit iv ity co ef ficient of 
1.00. The results for the F.I.D. are shown in 
Table 3.28.
In order to provide a check on the accuracy of the 
ca li brat io n system, a known mi xture of gas was analyzed 
using the T.C. detector. The results of this are shown 
in Table 3.29. No suitable gas mixtur e was av ai lable for 
the FID system at this time and hence the corr es ponding  
experi men t was not performed. Much  later a suitable 
sample mixture was made available by I.C.I. Pic which, 
when analyzed, indicated that the p r o cedu re  was accurate 
to better than 10% for all gas mixtures encountered,  and 
c onsid er ab ly more accurate in most instances.
Table 3.28
Re tenti on  Time, Peak Area and Cal cu la ted Sen siti vi ty 
Factors Using the F.I.D. System
Gas
Mean 





Sens i t ivi ty 
coef f icient
Me thane 0.77 67274804 1 .00
Ethene 1 .38 104432426 0.64
Ethane 1.50 113599076 0.59
Propene 3.79 270682440 0.25
Propane 3.95 260116460 0.26
Bu tene 13.62 790465516 0 .08
Bu tane 10.38 700625860 0 .10
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Table 3.29
Analysis of Known Mixt ure Using the TC Detector
Gas Ac tu al/mo l % T.C.D. A n a l y s i s / m o l  %
Me thane 22 . 5 23.5
Hydrogen 56.8 57.1
Carbon monoxi de 20.7
00t-H
The follo win g sections describe the catal ytic  
results for 5, 10, 15 and 20 mol % c o b a l t - c o n t a i n i n g  
magnesium  alumi na te spinels, respecti vely.
3.4.1. 5% Cobalt-Sp inel
3.4.1.1. 5CoSpinel 1
A weight of 0.600 g of the solid solution was 
loaded into the reactor. In order to assess the 
activity of the sample prior to reducti on  of divalent 
cobalt, the solid solutio n was tested with a mixture of 
carbon monoxide  and hydro ge n i mm ediate ly  after loading 
into the flow reactor. The sample was then treated with 
CO (20cm^ m i n - *) for 4 h at 775 K before testing 
again for catal ytic activity.
After this the catalyst was exposed to CO (875 K, 
20 h) , before again testing for CO h y d r o g e n a t i o n  
activity. The results of the catalysis expe riment s are 




Initial Act iv ity of 5CoSpinel  1






a 623 10 30 7046
b 621 8 30 10933
c 587 10 30 1112
d 584 10 30 4525
a: After 0.5 h at set flow
b: After 1.5 h at set flow
c: After CO 20 cra^/min 775 K,4 h
d: After CO 20 cm /min 875 K,20 h
Red uc ti on using hyd rogen  was then attempted. The 
sample was left in hydrogen at 875 K overnight  and was 
then tested for act iv it y in the cat alyti c reaction. As 
can be seen from the results, this trea tme nt resulted In 
a large increase in activ it y (Table 31).
In all the follo win g results, the data obtained for 
propene (or propene plus propane if the two were not 
resolved) have been corrected  for the known small amount 
in the CO feed gas. The cor recti on  was applied by 
analysis of the feed gas ahead of the reactor and 
subtraction of the appr opriate  count from the propene 
integr ati on prior to calc ul ation of p e r c entag e product 
distribution. A typical cor rect io n was 20000 counts. 
Errors due to differences in gas den sit y before and 
after the reactor were estim ate d to be small, and were
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n e g l e c t e d .
The cat alytic data in Table 3.31 allowed 
the a c t i v a t i o n  energy with respect to met hane to be 
evaluated. The a ct ivation  energy calculat ed from the 
plot of ln(CH^ count) vs 1/T (Fig. 3.7), was 
152 kJ m o l - 1 .
The effect of varying the CO:!^ ratio at 575 K is 
shown in Table 3.32. The orders of react io n with 
respect to CO and hyd ro gen for me th ane formation  were 
calculate d from the plots of ln(CH^ count) vs.
I n [(CO flow)/( to tal flow)] or l n [ ( H 2 fl°w )/(t o t a l flow)], 
respectiv ely. These are shown in Fig. 3.8 and lead to 
values of -0.6 for CO and 1.1 for H 2 .
Be twe en the sets of runs for a c t i v a t i o n  energy 
d ete rminati on, order with respect to CO and order with  
respect to H 2 , the catalyst was treated with hy drogen at 
775 K to clean the surface of car bonaceo us  deposits.
Each set of runs typically occupied 4-5 h.
Finally, the long-term d e a c t i v a t i o n  of the catalyst 
was tested by flowing a 1:3 COrK^ mixture over the 
sample for about 60 h. The results of this expe rim ent 
are shown in Table 3.33 and Fig. 3.9.
3.4.1.2. 5CoSpinel 2
This sample of 5% CoSpinel was treated d i f f e r e n t l y  
to the first one in that after p r e p a r a t i o n  in the high 
temperatu re oven it was washed with nitri c acid to 
remove any CoO-MgO phase (Section 2.2.3). The sample 
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Fig. 3.9 Dea ctiv ation with Time of 5Co Sp ln el 1
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and was subjected to high t em peratu re  reduc ti on in 
hydrogen. 0.14 g was then loaded into the flow
Table 3.31
Activity of 5CoSpinel 1 in Carbon Mo noxide  H y d r o g e n a t i o n  
after High T e m p e ratu re  R e d u ct ion in H y d ro ge n (C O :H 2= 1:3.5)
T/K
Products /counts (mol %)*
c h 4 c 2h 4 c 2h 6 c 3 Total count
519 54821 7977 6986 13067 82851
81 .44 7.58 6.12 4.86
533 198515 11454 33514 37943 281426
84.44 3.12 8.41 4.03
559 1132753 187728 132197 1452678
88.73 8.68 2.59
575 2565720 355882 198499 3120101
90.81 7.43 1.76
580 2949602 395129 202169 3544900
91.24 7.21 1.55
599 6590176 665213 247454 7502843
93.55 5.57 0.88
it
518 44913 7773 7648 15689 76023
77.01 8.53 7.74 6.72
N.B. In this and all succeedi ng simila r Tables 
"Products /counts (mol %)" signifies entries in 
which the first row of any pair gives the number 
of counts and the second row the resp ec tive molar 
p e r c e n t a g e .
This run perfor me d as a check on d e a c t i v a t i o n
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Table 3.32
Effect of Vary ing CO:!^ Partial Pre ssures for CO 




m i n - '[ Products /counts (mol %)
CO H 2 He c h 4 C 2H 4 c 2h 6 C3




































































D ea ct ivatio n of 5CoSpinel 1 at 575 K ( C 0 : H 2 = 1:3)
Over 60 Hours
Products /counts (mol %)
Run time
/hours
c h 4 C 2H 4 C 2H 6 c 3
0.0 2002910 420022 277974
86.32 10.68 3.00
1.0 1818311 378062 256633
86.36 10.59 3.05
5.5 1735109 358251 242146
86.45 10.53 3.02
29 .5 745489 63693 131877 153623
82.61 4.52 8.62 4.25
30.5 676131 65132 111654 138045
82.64 5.09 8.05 4 .22
57.7 529459 68668 78043 109056
81.87 6.80 7.12 4.21
reactor and left ov ernight at 625 K in flowing h y d r o g e n .
A higher te mpera ture was not used as this sample had 
already been pre-reduced. Ca tal ytic testing subsequent 
to this is des cribed in Table 3.34.
It was noted that the activit y of this sample was 
much less than that of 5CoSpinel 1 (compare counts in 
Tables 3.31 and 3.34). A c t i va tion energ y meas u r e m e n t s  
were made and were found to be u n e x p e c t e d l y  low (75 kJ
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Table 3.34 
Initial Activit y of 5CoSpinel 2
T/K
Products /counts (mol %)
c h 4 c 2 h4 C 2H 6 C 3 Total count
565 51617 27330 37177 116124
65.84 22.31 11.85
564 49887 23410 32706 106003
68.30 20.51 11 .19
N.B. C O :H 2 rat io = 1:3
The second run was 0 .5 h after the first
m o l - *). R e p e ti ti on after repackin g the reactor and using 
lower flow rates failed to give larger values. It was 
suspected that diffu si on effects in the reactor were 
responsible, and no further work  with this sample was 
u n d e r t a k e n .
3.4.2. 10% Cob al t-Spi nel
This sample (lOCoSpinel 3) was one whic h had been 
previousl y studied in the static system and had 
therefore been exp osed to high temperature reduct ion 
treatment. The weight of catalyst loaded was 0.345 g.
The sample was one which had been wa she d to remove any 
CoO-MgO phase. After treatment in hyd ro gen at 725 K 
overnight, the catalytic  be ha viour of the sample was 
measured at various temperat ures as before and the 
ac ti va tion energy was found to be 87 kj m o l - *
(Table 3.35 and Fig. 3.10).
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The order of reaction with respect to CO and 
hydrogen was then found by varyin g the partial pressu re  
of the gases at constant tem perat ur e and the data from 
these experiments are shown in Table 3.36, the 
corres po nding In plots being Fig. 3.11. The values 
obtained were -0.6 for CO and 1.5 for H 2
The de ac t i v a t i o n  of this catalyst was measure d 
(Table 3.37 and Fig. 3.12) and followi ng this, the 
activat io n energy was again me asured in the normal 
manner and the value calculat ed was then 90 kJ mol"^ .
An attempt was made to meas ure CO chemi s o r p t i o n  
using a flow c h e m i s or pt ion techn ique but no m e a s ur ab le 
uptake was recorded.
3.4.3. 15% Cob alt -Spinel
One 15CoSpinel sample was studied as a 0.40 g washed 
sample (nitric acid treatment as before to remove 
CoO-MgO phase) and had been p r e v io us ly subjected to high 
temperature treatment in hy drogen in the static system.
Before any other treatment, an atte mpt was made to 
measure CO uptake on the sample using a flow 
chemisor pt ion technique. After an over ni ght treatment 
in hydrogen  at 615 K, a plug of CO of a c c u r a t e l y  known 
volume was flowed over the catalyst, and the peak due to 
the gas was meas ured before and after exposure  to the 
catalyst using the extra T.C.D. det ec tor att ac hed to the 
system. The results of the e xp er iments did not compare 
well with similar (but more accurate) ex pe riments  
carried out on the same catalyst in the static system.
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Table 3.35
Activ ity  of lOCoSpinel 3 in Carbon Monoxid e Hydr og e n a t i o n  
After Re du ction in Hy drogen at 775 K (C0 :H2 = 1:3)
Products /counts (mol %)
T/K
ch4 c2H4 c 2h 6 C 3 Total count
570 49286 17771 5116 34339 106512
68 .20 15.73 4.18 11 .89
530 11806 5132 12857 29795
64.50 17.94 17.56
544 18709 5975 2097 15994 42775
69 .30 14.17 4.58 11.91
550 23023 7389 2992 17293 50697
68.03 13.97 5.23 12.77
557 30045 13724 21150 64919
68.11 19.91 11.98
570 46974 18686 5412 32374 103446
66.89 17.03 4.55 11.52
The uptakes recorded were only a few per cent of those 
expected on the basis of the static system experiments.
The ma ter ia l was then tested in CO hydrog e n a t i o n  
(Table 3.38) and a very large activity, as seen from the 
total count, was found. The sample was left in flowing 
h ydr ogen for 12 h and then an attempt was made to 
measure the act ivity  at various tempe ra tu res in order 
to de termine the a cti va tion energy. It was found 
di fficult to make the m ea sureme nt s as the ma te rial was 
dea ct iv ating more quickly than other catalysts studied,
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Table 3.36
Effect of Va rying C O : H 2 Partial Pr ess ure s for CO 
Hydro g e n a t i o n  Over lOCoSpinel 3 at 575 K
Flow rate
cm min Products /counts (mol %)
CO H 2 He C H 4 C 2H 4 C 2H 6 C 3






































































Products /counts (mol %)
c h 4 c 2 h 4 c 2h 6 c3
0.00 89430 30259 20252 66076
65.15 14.11 8.71 12.03
0.75 74414 24818 15943 51732
66.07 14.10 8.35 11 .48
1. 50 73016 24449 15103 51837
6 6.06 14.16 8.06 11.72
3.00 68392 24015 13717 47921
65.87 14.80 7.79 11.54
5.00 67812 23570 12711 45016
66.71 14.84 7.38 11.07
29 .00 53186 30702 37517
64.69 23.90 11.41
49 .00 43943 26840 38162
62.19 24.31 13.50
65.00 42066 26021 40000
61.21 24.24 14.55
but after about 8 h the rate of d e a c t i v a t i o n  reduced 
and the nes s e s s a r y  runs were made. Table 3.39 shows how 
the ac ti vity and selec tiv ity vary with tem pe ra ture and 
the m e t h a n a t i o n  act iv ation energ y was found to be 
110 kJ mol * ( F i g . 13). Orders of rea ct ion were 
calc ula ted from a pp ro priate  e x p e r i m e n t a l  runs as before. 
The values obtaine d were -0.5 for CO and 1.5 for H 2
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(Table 3.40 and Fig. 3.14). The effect of alterin g the 
feed gas ratio (but without ma king up the flow with He)was
Table 3.38 
Initial Ac tivity of 15CoSpinel 1
Products /counts (mol %)
T/K
















Activity of 15CoSpinel in CO H y d r o g e n a t i o n  (C0 :H2 = 1:3)
Products /mol % (c o u n t s )
T/K






































Effect of Va ryi ng  CO:!^ Par tial Pressures  for 
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Fig. 3.14 Orders of React io n for M e t h a n a t l o n
Over 15CoSplnel 11
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investigated (Table 3.41). After this the d e a c t iv ation  
be hav iour of the catalyst was checked using a 1:3 C O : H 2 
mixture at 575 K (Table 3.42 and Fig. 3.15).
Table 3.41
Effect of Varying CO:H 2 Feed Gas Ratio for CO
Hydrogenat ion Over 15CoSpinel
Gas ratio
T/K
Pro d u c t s / c o u n t s (mol %)
CO :H2 ch 4 c2h a c 2h 6 C 3


















1 : 2 569 292419 143814 160066
69 .36 31.15 9 .49
1 :1 571 203741 141902 198139
59 .70 25.78 14.52
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Table 3.42
D e a c ti va tion of 15CoSpinel at 568 K (CO:!^ = 1:3)
Run time 
/hours
Products / counts (mol %)
c h 4 C 2H 4 C 2H 6 C 3
0.0 193620 90482 75779
72.07 20.88 7.05
4.5 156179 70379 65132
72.27 20.19 7.54
18.0 115011 44216 43743
74.99 17.88 7 .13
20.5 113875 42937 38825
75.81 17.72 6.46
22 . 7 111787 40367 36115
76.65 17.16 6.19
32.5 98588 36221 30320
76.65 17.46 5.89
39 .7 96806 32472 29586
77.86 16.19 5.95
3.4.4. 20% Cobalt-Spinel  
3.4.4.1 20Co Sp inel 1
20CoSpinel 1 (0.367 g), un washe d and unreduced, 
was tested for CO hyd ro g e n a t i o n  (Table 3.43), then 
treated with flowing CO (875 K, 12 h ) and re- tested 
(Table 3.44). Next the catalyst was exposed to flowing 
hydrogen at 895 K, following whi ch  C O - H 2 runs were 
conducted to deter mine a c t i v a t i o n  en erg y (Table 3.45 and 
Fig. 3.16) and the effect of CO and H 2 partial pressures 
on activ it y and se lec tivity (Table 3.46 and Fig. 3.17).
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Table 3.43
Initial Act ivity  of 20 CoSpinel 1 
at 623 K ( C O : H 2 = 1:3)
Ref .
Pr o d u c ts/ co unts (mol %)






















a: After 20 min 
b : After 1 h 
c: After 1.25 h
Table 3.44
Activity of 20CoSpinel 1 in CO H y d r o g e n a t i o n ( C 0 : H 2= 1 :3)
After Exposure to CO at 875 K
Products/ counts (mol %)
T/K

















Activity of 20CoSpinel 1 in Carbon Mon ox i d e  H y d r o genat io n  
after High Tem pe ra ture Re duction  in H y d rogen ( C O : H 2= l : 3 )
Product s/c ounts (mol %)
T/K




















































Effect of Varying C O : H 2 Partial Pressures for 




min Products /counts (mol %)
co h 2 He c h 4 c 2h 4 c 2h 6 c3
5 25 20 382459 45816 17547 27530
89.15 6.83 2.41 1 .60
10 25 15 235209 64539 44250
82.16 13.98 3.86
15 25 10 128953 44574 49596
76.31 16.35 7.34
20 25 10 125034 48491 62729
73.21 17.60 9 .18


























The a c t i v a t i o n  energy for m e t h a n a t i o n  derived from 
Fig. 3.16 was 152 kJ m o l - * and the order of reaction from 
Fig. 3.17 was 1.2 for H 2 and -0.8 for CO.
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Fig. 3.17 Orders of Re action  for M e t h a n a t l o n
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After the order of reaction e x p e rimen ts  were 
completed, the CO feed was turned off and the size of 
the me thane peak was mo nitor ed with time with only 
hydrogen flowing over the catalyst. The results are 
shown in Table 3.47 and Fig. 3.18. The aim of this 
experiment  was to give some i n f o rmation  on the extent of 
carbon la yd own during the the previous hy dro g e n a t i o n  
runs. Fi na lly the effect of cha ngi ng the feed gas ratio 
(without helium balancing) was studied and the results 
are shown in Table 3.48.
3.4.4.2. 20CoSpinel 2
A weight of 0.670 g of the sample was used. The sample 
was one whi ch  had been subjected to wa sh in g in nitric  
acid to remove any CoO -MgO phase. The solid had been 
exposed to high temperature re ductio n and catalytic 
testing in the high vac uum system prior to the 
treatments descr ibed in this section.
After tre atment in flowing hy d r o g e n  overnight at 
675 K to re-reduce the system after a t m o spheri c 
c on ta mination, the catalyst was i mmedia te ly tested for 
act ivi ty in CO hydro g e n a t i o n  (Tables 3.49 and 3.50, and 
Figs. 3.19 and 3.20). The m e t h a n a t i o n  a c t i vation  energy 
was 83 kJ mol *, and the orders of reactio n for hyd rogen 
and CO were 1.6 and -0.2, res pectively.
During the above runs a larger than usual, but very 
broad, peak c o rr es pondi ng  to C^ products was observed 
(but not counted). After taking se ns i t i v i t y  factors
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Table 3 .47
Effect of Switching the CO Stream off on Met hane Count 
After CO Hy dro g e n a t i o n  Over 20CoSpinel 1










Effect of Vary ing C 0 :H2 Feed Gas Ratio for 
CO Hy d r o g e n a t i o n  Over 20CoSpinel 1
Gas ratio Products /counts (mol %)
____________ T/K _________________________________________________




























into account, it was estimated that the maximu m 
c o n t r ib ution was about 5 mol %. With the other systems 
studied, C 4 was sometimes seen (but not integrated) in 
amounts est imated at about 0.5 to 1.0% of total 
products. On removal from the flow system, the catalyst 
was found to be bright blue.
Table 3.49
Act iv ity of 20C oSpinel 2 in CO Hy d r o g e n a t i o n  ( C O : H 2= l : 3 )
T/K
Products /counts (mol %)
ch4 C 2H 4 C 2H 6 C 3 Total count
530 16616 10223 22722 49571
58.02 22.15 19.83
543 26596 18952 34810 80358
56.53 24.97 18.50
557 41845 33916 51751 127512
55.19 27.74 17 .07
574 70212 63732 83074 217009
53.80 30.28 15.92
594 142649 140471 153103 436223
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Two con ven tiona l supported catalysts cons istin g of 
osmium (derived from O s ^ C C O ) ^ )  imp re gnated on to high 
surface area alu mina and mag nesia, resp ectivel y were 
studied in order to obtain results for CO hy d r o g e n a t i o n 
activity at 1 atm for co mparison with results 
obtai ned  using 10 and 100 atm reactors at I.C.I.,
Runco r n .
3.4.5.1. Os/ alumlna
0.744 g of Os/ alu nina cataly st (3.2% w/w) was 
loaded into the reactor. Owing to the high surface area 
of the support, the volume of the sample was large 
compared with other systems studied. The bed length of 
the catalyst in the reactor was about 5 cm.
The a c t i v a t i o n / r e d u c t  ion of the catalyst followed 
the method employ ed at I.C.I. on similar systems. A 
4:1 H e : H 2 mi xture was flowed over the catalyst at room 
temperature for several hours, after which  the 
te mpe rature was increased to 575 K for 4 h with the same 
gas mixture flowing. The mixture was then changed to 
give the desired ratio of H 2 and CO.
The results of initial cat aly ti c testing on the 
sample are shown in Table 3.51. The act i v a t i o n  energy 
was not calculated from these runs as the catalyst was 
d ea ct ivatin g rapidly. When the rate of d e a c t i v a t i o n  had 
fallen to a relative ly low level, runs were carried out 
to determ ine the product di st r i b u t i o n  and the 
m et h a n a t i o n  a c t i vati on  energy and reaction orders
148
(Tables 3.52 and 3.53, and Figs. 3.21 and 3.22). The
Table 3.50
Effect of Va ry ing C 0 : H 2 Partial Pressures for 






Product s /counts (mol %)
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Initial Ac tivity of Os/Alum in a
Products/ counts (mol %)
T/K






















N. B . CO : H 2 ratio = 1:3
Table 3.52
Activity of Os /Alumina in Carbon M o n ox id e H y d r o g e n a t i o n  
After Act iva ti on in H y d r o g e n / H e l i u m  (C0 :H2 = 1:3)
Products/ counts (mol %)
T/K






































Effect of Va rying CO:!^ Par tial Pre ssures for 
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CO h 2 He c h 4 c 2h 4 c 2h 6 C3

































































was the same as described for the spinel systems 
except that, between sets of runs and at the end of 
experiments, the catalyst was exposed to a hydrogen/ 
helium mixture rather than pure hydrogen, in order to 
avoid the risk of sintering in hy d r o g e n  to wh ic h these 
catalysts may be susceptible. The a c t i v a t i o n  energy 
derived was 153 kJ m o l ” * and the orders were 1.1 for H 2 
and -0.85 for C O .
3.4.5.2. Os/Mag nesia
A 0.330 g sample of Os/MgO (5.9% w/w) was studied.
As with the O s / A ^ O g  sample, the bed length was con side rable
2 —  1owing to the high surface area (ca 300 m g ) of the 
support. The sample was left over night in a 4:1 helium- 
hydrogen mixture and was then heated in the gas mixture 
to 550 K for about 8 h. The t emp er ature was then raised 
to 575 K for 4 h, after which initial catal yt ic testing 
was carried out (Table 3.54). As before, cooling, 
heating and cleaning betwee n e x p e r i m e n t a l  runs was 
always carried out in h e l i u m / h y d r o g e n  mixtur es to avoid 
the risk of hyd ro gen sintering.
Runs were carried out at various tem pera tures  
(after the initial rapid deacti vation ) in order to 
obtain the a c t i va ti on energy for m e t h a n a t i o n  and the 
se le cti vit y at different temp erature s (Table 3.55 and 
Fig. 3.23). The calculated value for the acti va tion  
energy for m e t h anat io n was 134 kJ m o l - *. During these 
e xp er imenta l runs a small extra peak ap peare d on the 
chr om at ogram but was not reco gnised by the integrator.
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The retention time was such that it seemed likely that 
this product was methanol. The size of the peak varied 
bet ween 1000 and 10000 counts. The effect of changing 
the C0 :H2 ratio was investigated  (Table 3.56), and 
then orders of reaction were cal cu la ted (Table 3.57 and 
Fig. 3.24). The order for H 2 and CO were 1.1 and -0.6, 
respectively. Finally the d e a c t i v a t i o n  of the catalyst 
over many hours was measure d (Table 3.58 and Fig. 3.25). 
The rate of dea ct i v a t i o n  was very much less than that 
indicated by co mparing Tables 3.54 and 3.55, as the 
catalyst had been much more e x t e n s i v e l y  used by this 
t i m e .
After the cataly tic studies, some f l o w - c h e m i s o r p t i o n 
ex per iments were att em pted with this de activated 
catalyst, using the apparatus descri be d in Section 
2.4.2., in order to det ermine the c h a r a c teristi cs  for CO 
adsorption. Results are shown in Table 3.59 (first 
series) for the d eacti va ted sample wh ich  had only been 
treated with He/l^ at room temperature. In a second 
experiment  (Table 3.59 second series) the pre trea tment  
prior to studying CO c he mi sorpti on  at room temperature 
was at 575 K. The results appear to be as expected but 
cannot be very accurate, as a repeat of the second 
experimen t (p re tr e a t m e n t - c o o l i n g  to RT-che m i s o r p t i o n )  
gave a result wh ich  was half as large. The results have 
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N.B. C0 :H2 ratio = 1:3
Table 3.55
Activity of Os / M g O i n  Carbon Monox id e Hyd ro g e n a t i o n
After A ct iv ation in H y d r o g en /Heliu m Mixture (C O :H 2 = 1:3)
Pr od uc ts/counts (mol %)
T/K






































Effect of Varying C O : H 2 Feed Gas Ratio for 
CO Hy dro g e n a t i o n  Over Os/MgO
Gas ratio
T/K
Products /counts (mol %)

























Effect of Varyi ng CO:!^ Partial Pressures for 
CO Hy dro g e n a t i o n  Over Os /MgO at 575 K
Flow rate 
cm m i n ” Products /counts (mol
CO h 2 He c h 4 c 2h 4 C 2 H 6 C3






































































Deactiva ti on of Os/MgO at 575 K ( C O : H 2 - 1:3)
Run time
Products /counts (mol % )
/hours
c h 4 c 2 h 4 C 2H 6 C 3
0.0 541530 108143 176316
82.97 10.27 6.76
2.0 398752 70563 110961
84.80 9.30 5.90
4.0 375730 66107 242146
85.83 9 .36 4.81
4.9 363481 61186 62697
87 .15 9 .10 3.75
10 . 2 316998 52204 54158
87 .35 8.92 3.73
22.0 296115 51334 53963
86.73 9.32 3.95
36 .0 240666 44367 49506
85.78 9.80 4.42




Flow C h e m i sorpti on  Studies of CO Uptake on Os/MgO
at 295 K and 1 atm
(after
First series 
H e / H 2 flush at 295 K) (after
Second series 
H e / H 2 flush at 575 K)
Dose no. U pt ak e/coun ts Dose no. U p t a k e /counts
1 10227 1 41264
2 4526 2 8320
3 3862 3 2947
4 3055 4 1972
5 2287 5 1544
6 2106 6 1152
Total 26113* Total 57199**
* Equivalent to 3.75 micromo l CO
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Fig. 3.22 Orders of Reaction for M e t h a n a t i o n

















1.6 1.7 1.8 1.9
103 T / K " 1


















- 2.0  - 1.0
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Fig. 3.25 Dea ctivati on  with Time of Os/Mg O
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3.5. Work carried out at I.C.I. Pic, Runcorn
Catalysts consisting of osmium impreg nated on high 
surface area silica and alu mina were studied. The 
p re pa rat ion of the catalysts is descri be d in 
Section 2.2.5. Prior to impregnation, the supports were 
treated in a vacuum at either 393 or 773 K. This 
treatment was carried out so as to alter the number of 
hydroxyl groups left on the surface of the support.
This, it was assumed, would have an effect on the 
bonding of the osmium to the alumina and hence the 
catalytic activity.
Experiments were carried out using two reactor 
systems, namely a 10 atm flow reac tor  (Section 2.4.3.1) 
and a 100 atm reactor of the Berty type 
(Section 2.4.3.2). The expe ri ments conducted in the 
10 atm reactor will be descr ibed first.
3.5.1. Results obtained in the 10 atm reactor
In total three catalyst systems were studied in 
this reactor, namely 2% w/w Os /s ilica p re tr eated at 
393 K, 2% w/w Os/ silica pre treat ed  at 773 K and 
2% w/w Os/ al umina  pretreate d at 393 K. The metal 
loadings in each case were later conf ir med by analysis 
to be wi thi n the range 1.8-2.2% w/w. In all cases the 
method of catalyst p re parati on  used was the dry pressing 
method (Section 2.2.5). Attempts to make these 
catalysts by the incipient wetness method  failed to 
produce satis factory osmium loadings on the support.
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3.5.1.1. 2% Os /slllca pretreated at 393 K
0.45 g of this catalyst was loaded into the 
reactor. A c t i v a t i o n  was similar to that used for the 
Os/MgO sample at Bath (Section 3.4.5.2). Ni t r o g e n  was 
flowed briefly over the sample and the temper atu re 
was raised to about 423 K. The n i t r o g e n  was then 
replaced with a 4:1 n i t r o g e n :hy drogen  mixture and the 
temp era ture was raised to about 575 K for 3 h.
After ac tivation , CO hydro g e n a t i o n  runs were carried 
out at 473, 523 and 573 K at a total pressure of 10 atm 
and a C O jK^ ratio of 1:1. The results of these 
experiments are shown in Table 3.60 where activit y is 
quoted in moles per ki l o g r a m  of cat alyst  per hour and 
s ele ctivity  is in mol %.
Table 3.60
CO H y d r o g e n a t i o n  at 10 atm Over 2% Os/si lica (393 K)
Temp . A c t iv ity* Products /mol%
/K c h 4 c 2h 4 c 2H6 c 3h 6 C 3H g C4 C5 MeCHO
473 0.009 21 .8 - - - 78.2
523 0.013 75.6 5.7 8.6 10.1 -
573 0 .152 68.4 3.6 5.1 5.3 4.5 7.5 5.6
* Act iv it y in moles of CO con verted per kg of catalyst 
per hour
A flow ch e m i s o r p t i o n  experiment with CO similar to 
those carried out at Bath on spinel cat alysts was 
performed, the total uptake being 1.29 micromol.
Va rious a n a l yt ic al  techniques were app lied to
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anot her  sample of the same catalyst which had not been 
used in CO h y d r o g e n a t i o n  (but w h ich had been activated). 
TEM indicated that the maximu m metal partic le size was 
ca 0.3 n m , and SIMS showed a small Os-Si peak. This peak 
was also observed when the "used" sample was tested with 
SIMS .
3.5.1.2. 2% Os/silica  pret reated at 773 K
The weight of catalyst loaded was 0.39 g. After 
activation  in the same manner as the previous catalyst 
the CO h y d r o g e n a t i o n  activ it y of the solid was tested at 
several temperatures.  The C O : ^  ratio was 1:1. Results
are shown in Table 3.61.
Table 3.61
CO Hydrogena t ion at 10 atm Over 2% Os/silica (773 K)
Temp Ac tivity* Products /mol %
/K c h 4 c 2h 4 C 2 H 6 C 3H 6 c 3h 8 C4 C 5 RCHO R0H
473 0.578 65.8 9.7 8.4 9.8 1.5 3 .1 0.3 1.1 -
518 0.539 79.1 2.8 8.4 2.3 2.3 1.4 1 .0 1.3 1 .3
523 0.563 78.6 2.9 9.0 2.8 2.3 1.3 1.8 - 1.3
573 0.672 76.3 2.8 9.0 3.4 2.7 2.0 1.8 - 2.0
* units as in Table 3.60
A flow c h e m i s o r p t i o n  expe riment with CO was carried out 
on the catalyst: the uptake was very small. This was 
taken to mean the particle size of the catalyst was 
l a r g e .
166
3.5.1.3. Os/ alumina pretreated at 393 K
The weight of catalyst used was 0.65 g. The 
pr oce dure used was the same as with previous samples. 
Results are shown in Table 3.62. A flow c h emiso rp tion 
e xperi me nt  with CO was not carried out.
Table 3.62
CO H y d r o g e n a t i o n  at 10 atm Over 2% Os /a lumina  (393 K)
Temp
/K
Ac ti vity * Products /mol %
c h 4 c 2h 4 c 2h 6 c 3h 6 c 3H 8 C4 C 5 RCHO R0H
467 1.36 92.3 1.0 3.4 1.3 0.7 0.7 0.4 0.2
518 1.89 93.2 0.7 2.6 1 .1 0.6 0.7 0.4 0.3 0.3
568 2.17 90 . 7 0.8 2.9 1.6 1.1 1.6 0.8 0.2 0 .11
* Act ivi ty units as in Table 3.60 
a Also 0.1% of dimethyl ether 
b Also 0.2% of dim eth yl ether
3.5.2. Results Obtained in the 100 atm Reactor
Three catalysts were studied in the Berty reactor. 
Although the reactor was p ri ncipall y used at 100 atm, 
it was felt desir able in these exp er iments to obtain 
results at 10 atm also, in order to see clearly the 
effect of pressure on the CO h y d r o g e n a t i o n  react ion and 
to compare the results with those obtain ed in the (non ­
recir cul ating) 10 atm reactor. All the experiments
were carried out using a C0 :H2 ratio of 1:1 and a flow
o — 1
rate of 800 cm rain . The act iv ity is in the same 
units as in the previous section. In all cases the 
catalyst was mixed with silica chips in order to make up
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the volume of ma terial  required to pack the reactor. 
Chemical analysis for osmium revealed that the 
OsClg-d er ived catalyst had an osmium loading of about 
1.5% w/w, whereas the 0 s g ( C 0 ) j 2 ca talysts were 2% w/w.
3.5.2.1. 2% Os /a lum ina pre tre ated at 393 K
This catalyst was one derived from 0 s g ( C 0 )j2 and 
alumina prepared by the dry pressing method. The 
catalyst was ac tivated  in a n i t r o g e n - h y d r o g e n  mixture as 
desc rib ed in the previous section. The weight of 
catalyst used was 7.1 g. CO h y d r o g e n a t i o n  was carried 
out at various tem peratures: first at 10 atm and then
at 100 atm and the results of these experiments are 
shown in Table 3.63. No other c h a r a c t e r i z a t i o n  was 
carried out.
3.5.2.2. 2% Os /alumina pre trea te d at 773 K
This solid was also one prepared by the dry- 
pressing method from O s - ^ C O ) ^  and alumina, with the 
alumina having been heated to 773 K in va cuum prior to 
pressing. 7.2 g of the catalyst was used. CO 
hy drog e n a t i o n  results at 10 and 100 atm are shown in 
Table 3.64.
3.5.2.3. 2% Os/ alu mina derived from O s C l g
This catalyst was prepar ed by the incipient 
wetness method using OsClg rather than O s g C C O ) ^  in 
order to deter mine if this differ en t pr ec ursor had any 
effect on the nature of the osmium bonded to the surface 
and hence the catalyt ic activity. 7.4 g of the solid
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was used and the results of CO h y d r o g e n a t i o n  experi ments 
at 10 and 100 atm are shown in Table 3.65.
Table 3.63
CO H y d r o g e n a t i o n  Over 2% Os /Alumi na  (393 K) in the
Berty Reac tor
Temp Activity Products /mol%
/K c h 4 C 2H 4 c 2h 6 c 3H 6 C3 H 8 C4 C 5 DME
Experiments at 10 atm
503 0 .087 36.2 4.2 9.1 13.0 16.1 18.6 2 . 7
523 0 .080 32.7 4.5 6.0 8.0 20.4 20.9 7.1
548 0.253 37 .8 5.2 5.9 6.2 7.7 16.0 15.2 4.3
573 0.709 45.6 4.7 6.3 8.1 5.8 13.4 10.8 1 .6
Experiments at 100 atm
498 0.004 61.6 38.4
523 0.049 52.1 3.9 12.2 10.3 3.2 18.1
548 0.517 37.0 1.0 8.6 1.2 5.9 12.6 5.7 19.6
573 0.942 35.1 0.8 8.3 2.4 5.3 9.4 4.9 16.1
* DME = Dimethyl ether
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In this table and in the two following, var ious minor 
products have been omitted for clarity. The mol % 
values shown refer to the total products. The activit y 
is expressed as in Table 3.60.
Table 3.64
CO H y d r o g e n a t i o n  Over 2% Os /Alumina (773 K) in the
Berty Reactor
Temp Activity Products /mol%
/K c h 4 c2 h 4 C 2H 6 C3 H 6 C 3H 8 C 4 C 5 DME
Experi men ts at 10 atm
498 0.034 29 .0 Values unre liable
523 0.131 39 .3 5.4 6.6 7.3 20.3 16.0 4.8
548 0.238 41.5 5.5 6.3 6.7 5 . 0 1 3 . 3 13.2 5.0
573 0.752 37.4 4.6 5.3 6.8 5.0 10.5 10.4 1.7*
Exp eriments at 100 a tm
498 0.043 50.1 11 .9 6.2 5.3 26.2
523 0.084 47.8 2.6 11.2 7.4 6.7 24.2
548 0.534 35 .1 1.0 8.6 1.3 6.2 6 .5 6.3
•if
15.3
573 1.417 33.4 0.8 8.1 3.2 5.9 6.1 5.2 11.2
* C O 2 signif ica nt
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Table 3.65
CO H y d r o g e n a t i o n  Over 2% Os/alu mina ex (OsClg) in the
Berty Reactor
Temp A cti vity Products /mol%
/K c h 4 c 2 H4 C 2H 6 c3h 6 C 3H 8 C4 C 5 DME
Exper iment s at 10 atm
498 0.015 26 .9 4.2 5.6 Data not reliable
523 0.045 30.6 5.8 7.0 2.1 7.2 15.2 17.6 14. 4
548 0.205 45.2 4.5 5.6 7.9 5.3 11.4 13.3 3. 6
573 0.458 54.2 4.9 5.6 8.1 4.1 9.2 9.1 2 .2
Experiments at 100 atm
498 0.019 38 .7 2.9 12.5 20 .1 8.7 17 .1
523 0.046 41.9 3.2 12.3 8.4 10.5 10.7 1 2 .7
548 0.324 32.3 2.8 8.6 6.4 7.2 9.0 9.3 1 .3
573 1 .163 35 .1 1.6 9.0 5.3 5.8 6.3 5.6 3. 6
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4. DIS CU SSION
4.1. The C o b a l t - M a g n e s l u m  Alum lnate  Spinel System 
Surpri sin gly, in view of the great amount of 
work which has been desc ribed in the lit era ture for the 
reacti on of carbon mon ox id e and hydrogen to form 
hyd ro ca rbons using transition  metal catalysts, relativel y 
little def init iv e work can be found relating to the use 
of supported cobalt in the absence of promoters. In 
particular, recent data where e x p e r im en tal conditions 
have been well co ntrolled and c h a r a c t e r i s a t i o n  has been 
attempted, are fare. Since the pioneer in g work of
1 o
Fischer over 50 years ago, much of the work carried out
has c o n c e ntr at ed on the the kinetics and m e c h a n i s m  of
the m e t h a n a t i o n  reaction. ’ However, recently both
V a n n i c e ^  and Reuel and B a r t h o l o m e w ^  have carried
out c o mp rehen si ve inves ti gatio ns using cobalt supp orted
on A ^ O g ,  Si0 2 > MgO and H O 2 which have also
in vestigate d the fo rma tion of higher hydro carbons.
In review ing the data obtained in the present
studies on reduced c o b a l t - c o n t a i n i n g  spinels, comp ar ison
will be made chiefly with results obtained using
31 3 2c o nven ti on ally supported cobalt catalysts ’
Re fe renc e will also be made to results obtained by
O Q
Hi ghfield et al. on the reduced CoO-MgO system.
Eight catalysts were studied with cobalt 
c o n c e nt ration  in the range 5 to 20 mol %. Of these, 
four were not subject to acid washing after p r e p a r a t i o n  
and these were found by e xamin at ion of the XRD pattern
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to contain si gnificant  amounts of CoO-M gO phase. The four 
unwashed samples were 5CoSpinel 1, 20CoSpinel 1, 
lOCoSpinel 1 and lOCoSpinel 2.
4.1.1. Reduc ti on of Cob a l t - C o n t a i n i n g  Spinel
The results show that these catalysts are extremely
res istant to reduction, and that when reduc ti on takes
place the quant ities of metal produ ce d are small.
Table 4.1 summarizes redu ct ion tre atment used with the
catalysts and also shows oxygen uptake values obtained
after redu ction in the static system. As can be seen,
the re duction conditions used were very severe,
2 +indica tin g the high stability  of the Co ions in the 
spinel lattice. This meant that te mpe ratur es up to 
400 K greater than those required for conv en tional
•3 I
catalyst were required to effect m e a s ur able reduction. 
All the condit ions shown in Table 4.1 represent the most 
severe temperatures  and longest exp osure times applied 
to the catalyst. Another n o t e w o r t h y  feature of the 
red uction of spinel solid solutions is the need for 
p retre at me nt in CO before exposur e to hydrogen at high 
temperature. Exposur e to hy d r o g e n  alone did not produce 
si gni ficant re duc tio n even at very high tempe ratures and 
prior tre atment in carbon mon ox id e was always needed.
This is a p a r t ic ular feature of the red uc tion of Co- 
con tai ning solid solutions
4.1.2. Oxygen C h e m i so rp tion M e as uremem ts  
Oxygen c h e m i s o r p t i o n  data in Table 4.1 are
ex pressed in units of micro mol g * in order that broad
173
co mparison  can be made with CO c h e m i s o r p t i o n  data
quoted in the literat ure in these units. CO
ch em is orpti on  m e a s u re me nts were also carried out in the
present work, but are not cited in the results sect ion as
the values tended to be rather var iable. In general,
CO uptake at ca 295 K gave values be tw een 25% and 50% of
the cor respon di ng oxygen value. Hy drogen  a d s o r p t i o n  was
not s y t e m a t i c a 1 ly studied in view of the c om pl icatio ns
3 0ari sin g from the process being act ivate d. A value of
16 micromol g-1 for CO a d s o rp ti on on a fresh 2% Co/A1203
3 1catalyst is reported by Vannice. This is to be 
compared with values of 15 to 43 mi cr omol g"~* for oxygen 
c h e m i sorp ti on  in the present work. As sumi ng  an 
a dsorp ti on  s toichi om etry of 1 CO molec ul e per cobalt 
site but 1 atom of oxygen per cobalt site, the oxygen  
uptake on Vannice's catalyst would be 8 m i c ro mol .
This indicates that the cobalt metal areas are br oadly  
similar for the two systems, but gre ate r for the reduced 
s p i n e 1 .
4.1.3. Di spersi on  and Degree of Reduct io n
In order to discuss the nature of the surface 
cobalt it is ne ce ssary to use the concept of 
dispersion. D is pe rsion  for con ve n t i o n a l  supported 
catalysts is usu ally defined by the equation 
b e l o w ^ * 9^
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D = M s / M t (13)
w h e r e :
D is the dis persi on
M g is the number of surface metal atoms 
(from ch e m i s o r p t i o n  m e as ureme nt s)
M t is the total number of metal atoms in 
the sample
This d ef initio n of d i s p er sion h e n c e f o r t h  referred 
to as D c is relevant to c o n v e nt io nal catalysts, where all 
the active metal is avail able on the surface of the 
support and the d ispers io n gives a rough measure of the 
average particle size present.
The situation with the catalyst  derived from the 
oxide solid solutions of the present work is rather 
different. Initially all the cobalt is trapped within 
the lattice of the support. In the case of the spinel 
systems of interest, the cobalt is either in the 
octahedral or tetrah edral sites of the spinel structure. 
The p op ulation  of cobalt in each type of site has been
O £
investigated by Angel etti et al, and it would appear 
from their results that the m a j o r i t y  of the cobalt 
occupies tetr ahe dral sites. R e d u c t i o n  causes the 
cobalt to be removed from some of these sites to form 
metallic clusters on the surface. The surface of these 
clusters is then available for catalysis. Evidence for 
the above was initially de velope d with MgO-ba se d  
systems^® but similar e x p e r i m e n t a l  evidence has been 
found to exist for the spinel system. Thus after the 
initial ex tremely  severe reduction, oxygen ch emis o r p t i o n
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Table 4 .1
Reduction of Spinel Solid Solutions and Oxygen Uptake
at Room T e m p e ra ture





Reducti on  in 
flow system
5CoSp inel 1 Not carried out CO 8 75 K, 20 h
H 2 875 K, 12 h
5CoSp inel 2 CO to 920 K, 1 h
H 2 to 1005 K, 6 h 19.5 H 2 625 K, 12 h
lOCoSpinel 1 H 2 to 1000 K no Not carried out
uptake measured
lOCoSpinel 2 No re du cti on- Not carried out
C 0 + H 2 at 575 K
lOCoSpinel 3 CO to 990 K, 4 h
H 2 to 1070 K, 8 h 42.8 H 2 725 K, 12 h
15CoSpinel CO to 933 K, 17 h 32.3 H 2 615 K, 12 h
H 2 to 971 K, 20 h
20CoSp inel 1 Not carried out - CO 875 K, 12 h
H 2 895 K, 12 h
20CoSp inel 2 CO to 952 K, 20 h
H 2 to 980 K, 12 h 15.2 H 2 675 K , 12 h
Oxygen uptake in microm ol per gram of catalyst  at 
at room temperature after reducti on  in static system
is observed to a limit at room te mp erature and then 
further 0 2 uptake occurs on raising the temper ature 
to about 550 K. Subsequent red uc tion in hy drogen can be 
carried out at very much lower tem per at ures than the 
initial reduction. Highfield  et al . proposed that O 2 
ch em is orpti on  at room tem pe rature  is c h emisorp ti on/ 
ox id atio n of the surface of the parti cles produced
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during the high temperature re ductio n and the further 
oxygen uptake up to about 650 K (in their case) is due 
to oxidation  of the interior of the particles and 
isolated atoms in the matrix. In the course of this 
work a co rr e l a t i o n  was found be tw ee n oxygen uptake to 
about 650 K and the capa bility for subsequen t uptake of 
hy dr og en (1 O 2 :2 H 2 ) at about the same temperature.
For this reason, using the c o n v e nt io nal measure of 
di s p e r s i o n  D Q can be m isleadi ng  as, dep en di ng on the 
severity of the reduction, a subs tantial  prop o r t i o n  of 
the cobalt Is u navai la ble as it remains as cobalt ions 
within the spinel lattice. Hence D c is an u n d e r est im ate 
of the true dispersion. To overcom e this, another 
m ea su rement  of dispe rs ion was p r o p o s e d ^  which is more 
relevant to s o l i d - s o l u t i o n - d e r i v e d  catalysts. This will 
be referred to as D _ e and is defined as
D S
D ss = M s / M r (14)
= Oxygen uptake at room tempe rat ure 
Total oxygen uptake to 550 K
where D gs is the di spersion for a supported  metal 
catalyst derived from a solid solution
M g is the number of surface atoms
M r is the number of atoms of cobalt reduced
out of the solid solution
Table 4.2 shows the respective values of D_ and D__
C S S
for the washed spinel samples free of MgO phase, using 
the ch emi s o r p t i o n  data reported in Section 3.2. In 
order to make com paris on  with c o n v e nti on al catalysts, the
effective w/w loading of the cataly sts (weight of
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reduced metal x 1 0 0 /total weight of catalyst) after 
reduct ion  has been calculated.
Initially it was thought that the s t a b i li za tion of 
the cobalt in the precursor solid solution would be 
ben ef icia l in enabling very small amounts of highly 
di spe rsed surface cobalt to be produced by con trolled 
reduction. In this way, the possible effect of particle 
size on catalysis could then be studied. U n fortun at ely  
it appears that, owing to the high temperat ures needed 
for reduction, the process, once initiated, was difficult 
to control. Hence a re la tivel y large pro p o r t i o n  of the 
total cobalt was removed from the solid solution 
(Table 4.2). The conseq uence of this is that the 
catalysts studied had metal loadings of the same order 
of magn it ude as those obtain ed with co n v e n t i o n a l l y  
supported catalysts. This is in contrast to the MgO- 
based systems, which  will be discussed later, where 
smaller amounts of reduc tion and hence smaller effec tive 
metal loadings were observed.
Table 4.2
D i s p er si on Values and Degree of Reduc ti on of CoSpinels
Catalys t % of total 
cobalt reduced
D c D ss Load ing 
w/w%
5CoSp inel 2 82.4 0.110 0.134 1 .67
lOCoSpinel 3 35.6 0.130 0 .365 1.46
15Cospinel 21.0 0.063 0.302 1.26
20CoSp inel 2 9.3 0.022 0.243 0.74
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In order to place the above results into context it
3 1may be noted that Vannice has published data for a 2% 
C o / A ^ O g  catalyst where the di sp e r s i o n  ( D c ) was 
mea sur ed by CO chemi s o r p t i o n  to be 0.08. As can be seen 
from Table 4.2, this falls within the range found for 
the spine l- derived  catalysts. However, if the 
as sum ptions made in the ca lc u l a t i o n  of D gs are valid, 
then the true d isp er sion of the cobalt metal is some 
four to five times greater.
Finally, it can be seen from the table that the 
largest ef fective loading of metal (supported on the 
o x i d e - s p i n e l ) was found when the c o n c e n t r a t i o n  of the 
cobalt ions in the original solid solution was lowest. 
There is in fact a general trend ob servab le  in 
Table 4.2, al t h o u g h  the extent of cobalt reduc tion must 
in reality also be a function of the highest temperatur e 
and period of reduc tion treatment.
4.1.4. Kinetics of CO H y d r o g e n a t i o n  Over Reduced 
Co-Sp inels
Table 4.3 contains the ac t i v a t i o n  energy and order
of reacti on data collated from the results in Section 3.4.
The data were gathered  using the flow reactor under
d i f f er en tial operating con ditions. The value of
the a c t i v a t i o n  energy for m e t h a n a t i o n  over the MgO-fr ee
samples is gene ra lly lower than the li te ratur e values
31 3 2for con ve n t i o n a l  supported Co catalysts ’ or for
89
cat alysts derived from MgO solid solutions. Thus, 
V a n n i c e ^  quotes a value of 112 kJ mol*"* for 2% C o / A ^ O g
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o o — i
and B a r t h olomew  quotes 143 kJ mol for 3% C o / A l 20g.
Typical results obtained  for reduced CoO-MgO systems
— 1 7 2gave values around 150 kJ mol
To elim in ate the po ss i b i l i t y  that the lower values 
might be influen ced by d iffusi on al limitations, 
e xp er ime nts were often repeated at differ ent space 
velo cit ies and with dif ferent reactor packings. The 
results were found to be reproduci bl e and indep enden t of 
these variables.
49Agrawal, Katzer and Mano gue report changes in the 
a c t i v a t i o n  energy  for m e t h a n a t i o n  over a C o / A ^ O g  
catalyst with time and deduce that this is due to bulk 
c a r b u r i z a t i o n  of the cobalt and the gr ow th of m u l t il ay er 
gr aph itic deposits. Their a c t i vatio n energy values for 
m e t h a n a t i o n  in the carbu rized state were 67+8 kJ m o l ” *. 
It seems un lik ely that an e x p l an at ion involving 
c ar bu r i z a t i o n  could be the whole answer to the lower 
values in the present work, as the values observed by 
Agrawal et al. were found only after using the catalyst 
for long periods at much higher temperat ures than those 
used in this study. Ne vertheles s, some effect of this 
kind may be present since dea ct i v a t i o n  and carbon lay- 
down were noted.
Order of reaction data for all the spinel catalysts 
studied are also shown in Table 4.3. Comparing the
o i go
results with c on ve ntional  c a t a l y s t s J shows the order
in CO to be very similar but the order in hy dr ogen for 
the washed  spinel catalysts to be s i g n i ficantl y higher.
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4.1.5. Turnover Frequencies
Turnover frequencies have been calc ulated using the 
as s u mption  that the metal surface av ailabl e for 
catalysis in the flow system was the same as that 
mea sur ed by oxygen c h e m i so rp tion in the static system. 
This assumption, however, is unlike ly  to be completely
Table 4.3
Ac ti vati on  Energies and Orders of Re action for 
M e t h a n a t i o n  Over Spinel Catalysts
Catalys t Orders of reacti on A c t i vat io n energy 
kJ m o l ”CO h 2
5CoSpinel 1 - 0.6 1.1 152
5CoSpinel 2* - - 75
lOCoSpinel 3* - 0.6 1 . 5 87
15 CoSp inel* -0.5 1.5 110
20C oSpinel 1 i o 00 1 .2 152
20CoSpinel 2*
CMO1 1.6 83
2% C o / A 1 20 3 -0.5 1.2 112
Samples washe d free of MgO phase 
** Data of V a n n i c e ^
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true for the following reasons:
( 1) it is likely that some decrease in the metal surface 
area would have occurred under catalysis conditions;
(2 ) results ca lc ulate d using oxygen uptake assume 
monolay er  coverage of the avail ab le metal, and it is 
possible that the coverage is grea ter than this.
The values cited are therefore the mi nimum possible and
are quoted so that a com par is on of the act ivi ty with
that of con ven ti onal catalysts may be made.
Table 4.4 shows the values calculated. Inspection
11 12of litera ture values ’ for m e t h a n a t i o n  over supported
cobalt catalysts shows the values for the spi ne l-deri ve d
catalysts to be very low by com parison. For example,
Vannice quotes a value of 0.026 s~* at 548 K, whereas
the most active catalyst studied (15CoSpinel) gave only
0.008 s” 1 at 575 K. No p art ic ular trends seem evident
for the sp inel- de rived catalysts. In particul ar, the
catalyst with the largest app arent dis persi on
(lOCoSpinel) gave the lowest specfic a c t iv ity but
15CoSpinel with the next largest dis p e r s i o n  (D__) hads s
the largest activity. The rela tively low reduction 
temperature used in the ac t i v a t i o n  of 15CoSpinel may be 
related to its subsequent large specific activity.
It is possible that the assu mption s made in the 
ca l c u la tion of these turnover fre que nc ies causes greater 
errors than imagined. There is some evidence  for this 
in the very low values of uptake obt ained when flow 
c h e m i s o r p t i o n  was carried out on samples after transf er  
to the flow reactor, and in the rel at ively high rates of
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Table 4.4
Turnov er Frequencies for M e t h a n a t i o n  in CO H y d r o ge nation
over Spinel Catalysts
Catalyst Temp/K N (C H 4 )/s 1
5CoSp inel 565 0.0037
lOCoSpInel 575 0.0012
15CoSpinel 575 0 .0081
20CoSpinel 575 0.0020
catalyst de ac t i v a t i o n  seen during cata lytic testing. 
However, it is unlikely that these factors could account 
for the factor of up to 20 times lower act iv it y in 
co m p arison  with a l u m i n a - s u p p o r t e d  cobalt. It must be 
concluded that the activity of cobalt supported in 
this way is s i g n i fi ca ntly less active than 
co nv en t i o n a l l y  supported material.
4.1.6. Products of CO H y d r o genatio n
In all cases when CO hydro g e n a t i o n  was per formed 
over these cat alysts at temperat ures around 575 K the 
major product (in mol % terms) was always methane, as 
e x p e c t e d .
The effect of inc reasing temp erature on the product 
d i s t r i b u t i o n  was broadly that as the t em peratur e was 
increased the quantit y of n o n - m etha ne  products 
decreased, as is the case with conve nt ional cobalt
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O 1 o o
catalysts. * Table 4.5 shows the C-^  to Cg product 
selectivity for all the spinel catalysts inv esti gated  in 
the flow system at ca 560 K. In order to compare these 
figures to eq ui val ent values for c o n v e ntiona l catalysts 
it is important to note that these values are given in 
mol % units. Products of carbon num be r 4 and grea ter 
were no doubt produced  but no r m a l l y  were not rec og nised  
by the a n a l yti ca l system which ope rated  i s o t h e r m a l l y .
peaks, for example, were a l r ea dy  very broad in the GC 
analysis and were integrated only rarely. They were
Table 4.5





4 C2 H4 C2 H6 C3
5CoSp inel 1 559 88.7 8.7 2.6
5CoSpinel 2* 564 68.3 20.5 11.1
lOCoSpinel 3* 557 68 .1 19.9 11.9
15 CoS pinel* 561 89.7 7.9 2.2
20CoSp inel 1 555 78.4 15 .2 6.4
20CoSp inel 2* 557 55 .1 27 .7 17.7
Washed free of MgO phase
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always very minor contribu tors (in mol % terms) to the 
overall selectivity.
Considering Table 4.5, it is gen er ally true that
catalysts which di splay large a c t ivity tend to be
p r e d o mina nt ly me thane producers and this is borne out
with the 15CoSpinel sample which has the lowest C2 and
C3 product sel ecti vi ty at this te mperatur e but has the
highest methan e turnover fr equency (Table 4.4). Also
from Table 4.5 it can be clearly seen that the washed
samples of spinel catalysts display a greater tendency
to produce n o n - m e t h a n e  products when compared with the
unwashe d samples of the same con ce ntration. This is
taken as evidence of the su pe riority of the spinel
system in this respect when compared to the MgO system
which contami na tes the unwash ed samples. Comparing  the
3 1results with the data of Vannice for co nve n t i o n a l l y  
supported cobalt, the spi nel -base d catalyst is clearly 
better than c o n v en tional  Co/a lumina in pr oducing n o n ­
methane hydroca rbons. This is e specia ll y e mp hasized  if 
it is recalled that the results quoted for the spinel 
relate to a higher operating temperat ure which  favours 
Cj product. For the Vann ice 2% C o / A ^ O g  catalyst, the 
methane figure at 548 K is 83 mol %, the C£ value being 
a p p r o x i m a t e l y  9 mol % and Cg 8 m o l  %.
The results in Table 4.5 refer to studies carried 
out under d i f f e rential  conditi ons in the flow reactor.
By reference  to Table 3.34 (Section 3.2) it can be seen 
that the product dis tr ibution s obtained under static 
co nditions are broadly similar, although  direct com pa rison
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is diff icu lt as all the results in Table 3.29 utilized a 
C0 :H2 ratio of 1:3, whereas in the static experi ments 
other ratios were used.
When the CO:!^ ratio was ch an ge d from the norma ll y 
used value of 1:3 to either 1:1 or 1:2, a su bstan tial 
increase in the amount of C£ and Cg hydrocar bons was 
seen (Section 3 . A). This feature is commonly found with 
F i s c h e r - T r o p s c h  catalysts and the expe ri ments in 
Section 3.4 confirm that the pr es ent  catalysts behave 
c o n v e n ti on ally in this respect.
4.1.7. D e a c t iva ti on in the Flow Reac tor
D eacti va tion experi ments  were carried out on the 
washed catalysts under the rea ct ion conditio ns of 
575 K and C O : ^  = 1:3. In order to be able to make 
comparisons, the perc entage d e a c t i v a t i o n  during reaction 
over a subs equent 4 h period was chosen as a standard 
observation. The results are shown in Table 4.6 for the 
spinel catalysts studied for d e a c t i v a t i o n  in this way.
Table 4.6
D e a c t ivat io n of CoSpinel Catalysts





The table shows that the rate of d e a c t i v a t i o n  of
8 9these catalysts is quite high. Highfield  and Stone 
found a rate of d e a c t iv at ion of 15-20% for CoO-MgO
a 9
catalysts studied in the same way. Agrawal et al made 
a detailed study of d e a c t i v a t i o n  over a C o / A ^ O g  
catalyst but used a C0:H2 ratio of 1:25. Using this 
system, two distinct  rates of d e a c t i v a t i o n  were noted, 
namely a very high initial rate and a lower one after 
some 30 h under reacti on con ditions  at 675 K. The rate 
of de act i v a t i o n  referred to in Table 4.6 is taken to 
corr esp ond to the latter, as a very high initial rate of 
d e a c t ivat io n was also noted in the present work prior to 
any m e a s u re ments  being recorded (Section 3.4) for all the 
catalysts studied.
4.1.8. Summary and Conclusions
2+Cobalt-S pi nel solid solutions sta bilize the Co 
ion to such an extent that, in order to reduce it out of 
the solid solution, very high temp erature s (of the order 
of 1000 K) have to be used. Al though  d is pe rsion  
mea su re ments indicate that quite highly dis per se d metal 
may be present, there is little cor re lation between  this 
me as urem en t and the observed product dis tri bution. As 
with the CoO-Mg O system, re duction  in hyd ro gen is 
facili tat ed by a p r e - t re at ment in CO which, a l t ho ug h not 
in itself pro du cing  an active catalyst, appears to 
activ ate  the surface towards hydroge n reduction.
The products of CO h y d r o g e n a t i o n  are similar to 
those produced over co nve n t i o n a l  catalysts, a l t ho ug h a
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higher act iv ity to n o n - m e t h a n e  products is observed.
The ac ti v a t i o n  energy for m e t h a n a t i o n  is ma rke d l y  lower 
compared with Co/alumi na and a l t ho ugh the order of 
reacti on for CO is similar, the order for H 2 is 
sig nific an tly higher. Specifi c ac ti vit ies over the 
s p inel -d er ived catalysts are c o n s i d e r a b l y  lower than 
values obtained with c on ventio na l suppo rted catalysts.
Future work with these cat alysts must be aimed at 
more sy st ema tic control of reduction experi ments, and 
c h a r a c t e r i z a t i o n  of the catalyst surface before and 
after use, using the whole spectrum of modern analyt ical 
techniques, should be applied.
4.2. The NiO- MgO System
NiO- MgO  has been e x t e nsive ly  reported in the 
li ter ature as a catalyst where the cations of the 
tr ans ition metal are the active sites. Catal ytic
7 0  7  Q
reactions studied include the oxi datio n of CO * and 
the de c o m p o s i t i o n  of nitrous o x i d e . ^  The reduced 
system, where nickel atoms are the c a t a l y t i c a l l y  active 
sites, have been much less i n v e s t i g a t e d . ^
The ex pe riments carried out on NiO- MgO during this 
study (Sections 3.1 and 3.3) conti nue d the work 
initiated by Dr J.G. Hig hfield. It was largly confined 
to studies where the nickel ion c o n c e nt ra tion in the 
solid solution  was small (3 mol %). A very limited 
amount of work was also carried out on the 10 mol % NiO- 
MgO system in the first flow reactor.
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4.2.1. 3N10-Mg 0
4.2.1.1. Re ductio n Behaviour and Oxygen C h e m l s o r p t I o n
After stand ar d i z a t i o n  and c h a r a c t e r i z a t i o n  of the
O i
extent of Ni formation (no rmally small), re duction  of 
the solid solution was carried out using hydro gen at 
temperatures between 800 and 900 K. These tem pe ra tures 
were in the same region as those prev io usly used to
Q
reduce 5NiO-MgO. 9 In contras t to c o b a l t - c o n t a i n i n g  
systems, p r e - t r e a t m e n t  in CO did not appea r to be needed. 
Uptakes of hy dr ogen shown in the results section 
(Table 3.4) indicate by a simple c a l c u la ti on that 
between 5 and 10% of the nickel in the solid solu tion 
was reduced. However, m e a s u r e m e n t  of the metal present 
using oxygen at room temp eratur e and then at higher 
te mperature s (in the same manne r as that used for spinel 
samples discussed  in Section 4.1) indicated a much lower 
extent of reducti on  in the region of 2% of the total 
nickel. This is eq ui valen t to an effective loading of 
about 0.055 w/w% for a c o n v en ti onal catalyst.
The lack of corr elation  betw een the hy dr ogen uptak e 
in the red uctio n process and the oxygen uptake 
after war ds (evident from Tables 3.2 and 3.3) appears to 
be a feature of the red uc tion of solid solutions. It 
was present also when the cobalt spinel solid sol utions 
were reduced, a l t houg h not to such a marked extent. This 
is pr es u m a b l y  due to a h y d rog en  spillover on to the 
support, causing surface h y d r o x y l a t i o n  to occur. 
N o t w i t h s t a n d i n g  this, it is difficult  to expl ain why the 
catalyst whic h had the largest hyd rogen  uptake
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(3N iO-MgO 1) should have the smallest oxygen uptake at 
both the temperature s used.
M ea su rement  of the d i s p e r s i o n  of the catalyst was
made using the method descr ib ed in Section 4.1. The
value of D 0 „ is shown in Table 4.7 s s
The d is pe rsion figures are only a guide'*® but do 
show mod er at e increase in the metal particle size after 
exposure to oxygen and re-reduction . This is logical 
as, at the tem peratures  used, there is bound to be some 
mob il ity of metal atoms on the surface. By comparison, 
the d is persio n mea su red in the same way for spinel 
samples, alt ho ugh gene ra lly seen to decrease, does not 
fall by the same amount (typically 5%).
Table 4.7
D isper si on of 3NiO-MgO from Oxygen Uptake Meas ur ements
D s s
3NiO-MgO 1 3NiO-MgO 2
After high temp.
reduct ion 0.36 0.37
After oxidatio n
and lower t e m p . 
re-redu ct ion in 
hydro ge n
0.23 0.27
4.2.1.2. Catalytic Act ivity  of 3NiO-M gO
Ethane h y d r o g enolysi s was carried out on both 
samples. The rate was much larger for 3NiO-M gO  2,
190
p r e s umabl y due to its larger metal surface area as 
measured by oxygen c h e m i s o r p t i o n . 3Ni O- MgO 2 was also 
more active in CO h y d r o g e n a t i o n  but in both cases 
methane was the only sig nificant product. This is to be 
expected as nick el is pr im arily a m e t h a n a t i o n  rather 
than a F i s c h e r - T r o p s c h  catalyst, and the result is in
accord with p re viously  studied examples of the same
89system.
To sum up, the 3NiO-MgO system behaves in a broadly 
similar manner to other n i c k e l / M g O  systems which have 
been studied. It appears more diff ic ult to reduce than 
similar samples of higher nickel c o n c e n t r a t i o n  and can 
only be regard ed as a m e t h a n a t i o n  catalyst.
4.2.2. 10 NiO-Mg O
Only one sample of this cataly st was studied in the 
first flow system. The ki neti c parame ters es tablished
were in good agreem ent with previous work and literature
3 2 10 2values, al thou gh  the a c t i v a t i o n  energy for me th a n a t i o n
was slightly higher than publis he d values.
The d e a c t i v a t i o n  of the catalyst was studied at 
575 K (C0 :H2 = 1:2) and over 4 h was cal cul at ed as 22%, 
making the d e a c t i v a t i o n  of this sample very similar to 
the rate obser ved for both other MgO and spi nel- based 
s y s t e m s .
4.3. The Co O-MgO system
Ex pe r i m e n t a l  work on the CoO-MgO system was 
confined to a study of 3Co0-Mg0 in the first static 
system and some reduction and cata lytic ex periments on
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10 CoO-MgO. As was the case with the nickel system 
(Section 4.2.) the expe ri ments  were a co nt i n u a t i o n  of 
work carried out by Dr J.G. Highfield.
4.3.1. 3CoO-MgO
4.3.1.1. Reduct io n Behav iour and Oxygen C hemi so rption 
Studies of the 3CoO-M gO system were more compli cated
than those of the equivalent  N i O -Mg O system. This was 
due to the r el at ively large uptakes of oxygen on the
3+unre duc ed solid solution caused by the forma tion of Co 
10 3species. This effect is much gr eate r in the case of
3+CoO -Mg O than is the equiva le nt fo rma tio n of Ni in
N iO -MgO systems because of the grea ter stabili ty of the 
3+Co ion. For reasons which must be conne cted with the 
ionic stru cture of the oxide, the effect with CoO-MgO  is 
also much gr eater than with CoSpinel (Section 4.1).
2 +Because of the ease with whi ch  un red uced residu al Co
3+ions are re- oxid iz ed by oxygen to Co ions, it was 
difficult to apply the tec hnique of oxygen che misorpt io n/  
oxidation  a c c u ra te ly to me asur e the size of the metal 
surface area and dis persion: the uptake of oxygen on 
unre duc ed cobalt ions formed a very large p r o p orti on  of 
the total uptake. The ex pe r i m e n t a l  pos it io n was further 
co mp li cat ed by the fact that, in common with previous
Q  Q
low c o n c e n t r a t i o n  CoO-MgO solid solutions studied , 
reduction in hy dr ogen alone was ineffe ctive and it was 
found that, even after p r e t r eat me nt in CO, red ucti on  in 
hyd ro gen would only occur at very high tempe ratures.
It is difficult to estimate the extent of reduc tio n
19^
from reductant uptake values as two gases are involved, 
and it is clear that not all the CO taken up partakes 
in genuine red uctio n (due to the Boudouard reaction).
Even where genuine reduction does occur, some of the 
reduced metal atoms produced are ina ccessible  to oxygen 
occu pying pos itions below the surface of the lattice.
However, it is clear from the results that reduction 
2+of the Co ions is slight and the metal loading of the 
catalyst must be even smaller for 3CoO-M gO than it is in 
the Ni O- MgO  system studied. For example, after allowing 
for the uptake of oxygen on the solid solution (to form
9 i
Co ions), the uptake of oxygen on 3CoO-MgO 1 was only 
0 .005 mi cromo l m ” ^ (Section 3.1.2.1) and altho ug h 
this value is subject to a large error, it does show 
that a very small amount of metal was formed. The 
amount was three to six times less than the equivalent 
uptakes for 3NiO-MgO. For the reasons outlined above, 
dis pe rs ion m e a s ur em ents could not be confid ently made 
for the 3CoO-MgO  system.
4.3.1.2. Catalytic Activit y of 3CoO-MgO
Act iv ity in ethane h y dr og enolys is  showed a broadl y 
similar behav io ur to the 3NiO-MgO system, except that 
3 CoO -MgO 3 gave a very low value c o m m e nsurate  with its 
very small degree of reduction.
The initial rate in CO h y d r o g e n a t i o n  was also 
similar to the c o r r e spond in g NiO- MgO catalysts, the only 
n o t e w o r t h y  feature being that the catalyst men ti on ed 
above as having a low activi ty  in ethane h y d r o g eno ly sis
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showed similar CO h y d r o g e n a t i o n  rates to the other 
catalyst tested.
The products of the CO h y d r o g e n a t i o n  reaction 
contained larger pe rce ntages of C 2 and C 3 products 
than in the equ iva lent nickel case. This would be 
expected as cobalt has a better  s e l e ct ivity to n o n ­
methane products than nickel. The total perc entage  of 
higher h ydr oc arbons was n e v e r th eless small, probably  due 
to the severity of the initial high temperature  
reduction giving rise to large particles of cobalt, 
which seem to be more me th ane- s e l e c t i v e .
To sum up, the 3CoO-MgO system  was difficult to 
reduce and to char ac terize  by oxygen c h e m i s o r p t i o n . 
Products of CO h y d r o g e n a t i o n  showed meth ane to be the 
major product with very small amounts of higher 
h y d r o c a r b o n s .
4.3.2. lOCoO-MgO
This higher conce n t r a t i o n  sample of CoO-MgO was 
studied in order that co mparis on  of its re duction and 
catalytic b e h aviou r could be made with 3C oO-MgO and also 
with the CoSpin e l - d e r i v e d  catalysts.
It was found possib le to effect reduction of 
divalent cobalt using only hydroge n at 823 K over many 
hours. This confirmed that higher c o n c e n t r a t i o n  CoO-MgO 
solid sol utions do not require pr et r e a t m e n t  in CO, a
Q Q
fact whi ch had been observ ed in earlier work.
Oxygen ch em i s o r p t i o n  results lead to d ispe rs ion
values (D__) of 0.33 prior to cat alyt ic  e xp eriment s and s s
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0.35 after them. The very small diff erence be tw een 
these figures indicates a very low rate of sin tering of 
the met al lic particles during catalysis.
CO h y d r o g e n a t i o n  expe ri ments using di fferen t C O : ^  
ratios show clearly the increase in higher h y d r oca rb on  
products as the ratio nears unity. Both this and the 
increased p r o d uc tion of carbon dioxide are normal
3 1features of co n v e n t i o n a l l y  supported cobalt catalysts.
4.4. Os mi u m - C o n t a i n i n g  Catalysts
O s m i u m - c o n t a i n i n g  catalysts co nven t i o n a l l y  
supported on A I 2O 3 , Si 02 and MgO were inve st igated  at 
pressures in the range 1-100 atm. The main aim of the 
work carried out at I.C.I. was to discover how 
different support pretre at ments aff ected CO 
h y d r o g e n a t i o n  product selectivity. The expe riment s at 
Bath on Os/MgO  were carried out both to compare results 
with the other osmium catalysts and to provide data on a 
catalyst other than cobalt at 1 atm.
4.4.1. Os/alumi na
Os/alumin a was inves ti ga ted at I.C.I. Runcorn in 
both a 10 atm flow reactor and a 10-100 atm recycle 
reactor of the Berty type. Osmium in the form of 
0 s g ( C 0 )j2 was impregna ted on to the support using the 
d ry-pr es sing method (Section 2.2.5), as attempts using 
the more c o nventi on al inc ipient wetness technique  were 
unsucc ess ful. The alu mina surface was pr et reated  by 
heat ing  in vac u u m  at either 393 or 773 K prior to osmium 
impregnation. Specime n results for each al u m i n a - b a s e d
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catalyst derived from data in Section 3.5. are shown in 
Table 4.8. Results obtained at ca 570 K are shown as 
data and are av ail abl e for all the catalysts at this 
t e m p e r a t u r e .
Several conclusions can be drawn from the data. It 
appears that the overall a c t ivity of each catalyst 
increases with pressure, while from exam i n a t i o n  of the 
results in Section 3.5, a decrease in olefi n selectivit y 
and an increase in paraffin  sele ctivit y is seen. For 
example, catalyst ( 2 ) showed an increase in overall 
act ivi ty of 32% when the pressure was raised from 10 to 
100 atm. At the same time, al th ough total 
products fell, the ethane sel ectiv it y increased by 32% 
and propane, a l t hough falling in abs olute  amount, became 
favoured over propene. N o t w i t h s t a n d i n g  this, it is 
diffi cul t to see why a 2% Os /a lum ina catalyst 
(pretreated at 393 K) tested in the 10 atm labo rator y 
reactor should have a much higher specific ac ti vity than 
a similar sample tested at 10 atm In the Berty reactor. 
The only obvious ex pl a n a t i o n  is that the activ e surface 
area of the former catalyst was larger (differences in 
space ve l o c i t y  etc being a c c o un te d for in the way the 
ac tiv ity was calculated) in spite of the two catalysts 
having been prepared and a c t iv ated under the same 
closely con tro ll ed  conditions. The highe r activit y 
sample has the larger ac tiv it y for methane production, a 
feature of other CO hy dro g e n a t i o n  catalysts.
The ac t i v i t y  and s e l e ctivit y of both the catalysts 
pre -t re ated at 393 or 773 K are very similar and hence
t 9 6
Table 4.8
Compariso n of CO H y d r o g e n a t i o n  Results Over Os/alum ina 
Catalysts at T empera tu res Near 570 K
C a t a l y s t 3 Pressure** Temp A c t i v i t y 0 Products /mol %
pre /atm /K _____________________
treatment C 1 c 2 c 3 C 4
393 K (1) 10 (L) 568 2.17 90.7 3.7 2.7 1.6
393 K (2) 10 (B) 573 0.71 45.6 11.0 13.9 13.4
393 K (2) 100 (B) 573 0 . 9 4 35 . ld 9.1 7 .7 9.4
773 K (3) 10 (B) 573 0.75 37 .4d 9.9 11.8 10.5
773 K (3) 100 (B) 573 1 .42 33 .4d 8.9 9.1 6 .1
a: all catalysts 2% Os/ alumina, figure in brackets
indicates sample number, 
b: (L) = 10 atm reactor, (B) = Berty reactor 
c: ac tivity  expresse d in units of CO conve rted per 
kilogram of catalyst per hour 
d: si gn ificant amounts of dim ethyl ether also seen
for this catalyst system, catal yst p r e t reatme nt  appears 
not to be an important factor in catalytic  behaviour.
At 100 atm the act iv ity of the sample pr etreat ed  at 
775 K is larger than the 393 K treated sample by a 
factor of 1.5 but the product s e l e ct iv ity is similar.
Owing to the lack of surface area data on the 
catalysts, it is difficult to make any accurate 
co mpa risons of ac ti vity for these Os car b o n y l - d e r i v e d 
catalysts. Also most publ ished data on Os-based
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catalysts have been directed at id entifying  the 
catal y t i c a l l y  active site . 3 7 - 4 0 1104 Cat al ytic work has 
mostly been carried out at low pressure (1 atm). 
Kn o zin ge r et al have invest ig ated a 0.34 % w/w 
Osg( CO) j^-derived catalyst supported on alumina 
operated at 1 atm ( C O : ^  = 1 : 3 , 600 K) . 81% of the
products were methane, the rest being composed of 0>2
(16%) and Cg (3%), al tho u g h  in anot her  paper of which
38Knozinger was a co-author , more C£ was seen when 
operating a similar catalyst.
4.4.2. Os/silica
Os/silica was inv esti gated  in much the same way as 
the Os/ al umina  discu ssed in Section 4.4.1. but no 
experiments were carried out at 100 atm as the Berty 
reactor was not available. Table 4.9 shows a compar ison 
of ca talytic results obtained at 573 K and 10 atm for 
samples pretr ea ted at 393 K and 773 K res pec tively.
The data are shown in full in Section 3.5.
Table 4.9
Comparison of CO H y d r o g e n a t i o n  Results Over Os/silica







A c t i v i t y 0 Products /mol %
t rea tmen t C 1 C 2 C 3 C 4
393 K (1) 10 (L) 573 0.15 68 .4 8.7 9.8 7.5
773 K (2) 10 (L) 573 0.67 76 .3 11.8 6.1 2.0
a, b and c as in Table 4.8
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In this case a definite increase in act iv ity can be 
seen in the sample p re -t reated at 773 K, the activi ty 
being about four times the value for the 393 K sample.
As is n o r mall y seen, the more active sample has a gre ater 
methane selectivity. At the start of this work it was 
thought possible that a hi gher te mpe rature of 
pre treat me nt might be ben ef icial in producin g catalysts 
of high activ i t y  by st ab liz ing chem is orbed osmium (by 
d e h y d r o x y l a t i o n ) and reducing a g g r e g a t i o n  under reaction 
conditions. From the limited amount of work done this 
would appear to be the case, but more work is required 
before a de finit e statement can be made.
It is of interest to compare results obtained for 
osmium sup ported on alu mina and silica in the 10 atm 
reactor. From c omp ar ison of the values it would appear 
that the a l u m i n a - s u p p o r t e d  cataly st was more active when 
both catalysts were prepare d by the dry -p ressin g  
technique. Wells, Ja ckson et a l. found the
reverse to be true for similar osmium catalysts prepared 
by a wet i mpr eg nation technique, and pr opose d that the 
order of act iv it y on three oxide supports was in the 
order S i 02 > T i 02 > A ^ O ^ . ^ 2*"^
A c t i va ti on energies for the reactions over silica 
and a l u m i n a - s u p p o r t e d  cat alysts have not been calcula ted 
as the raw rate data for m e t h a n a t i o n  were not produced by 
the ana l y t i c a l  system used at I.C.I. Runcorn. It would 
be possibl e to cal culate the n e c e ss ary values by using a 
co mb i n a t i o n  of sel ectiv it y and ac tivity data but large 
errors would be inevitable. Furtherm ore, only three or
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four tempera tu res were used for cata lytic experiments 
and e x p e r imental  runs were not often repeated.
4.4.3. Os C l g-derived catalysts
One Os/alu mi na catalyst was prepared by 
con ve nt ional wet impregn at ion using OsClg as a 
precursor. The cat alyt ic  work on this catalyst was 
carried out by Mr A. Simpson at I.C.I. Runcorn. The 
results obtained (Table 3.30 in Section 3.5) are 
similar to those obtained for a l u m i n a - s u p p o r t e d  
catalysts der ived from osmium carbonyl.
4.4.4. Os/alumi na and O s/ magnesi a at 1 atm 
Os/a lu mina and O s / m a gnes ia  catalys ts were prepared
in Bath by a wet imp reg natio n techn ique for testing at 
1 atm. It was not possible to carry out ch ar a c t e r i z a t i o n  
of the active surface, and hence the c alcul at ion of 
turnover fr equenci es was not possible. However, kine tic 
pa rameters and product sel ectivi ti es were est ablished.
Os/ alu mina
At 566 K and 1 atm the catalyst produced mostly 
methane. Althou gh  for the reason m e n t io ned specific 
ac tivitie s cannot be determined, the acti v i t y  in terms 
of the weight of catalyst used was compa rable to the 
more active CoSpin el cat alysts studied. As osmium 
cat alysts have been reported in the li te rature to have 
turnover fr equen cies in the range 1-20 x 10” ^ s“ * 37,38
c om pa rable to those ob ser ved in the present work for 
CoSpinel, this would appear reasonable.
2,00
Orders of rea ction for CO and H 2 were found to be 
similar to those obtained for other C O - h y d r o g e n a t i o n 
catalysts, al though the a c t i v a t i o n  energy for meth a n a t i o n
at 153 kJ mol"^ was higher than other reported values,
38 — 1K no zi nger et al. have quoted a value of 110 kJ mol
for a similar catalyst.
Os/Magnes ia
This cat aly st was less active than the alu m i n a -  
based one and produc ed a higher per cent ag e of n o n ­
meth ane  products in CO hyd ro g e n a t i o n  (15 mol % at 563 K ) .
Kine tic  par ame ters were e st ablish ed  and were found 
to be ge ne rally similar to those obtained for the 
a l u m i n a - s u p p o r t e d  catalyst, al th ou gh the act i v a t i o n 
energy for m e t h a n a t i o n  is closer to li te ratur e values at 
134 kJ m o l ” *.
4.4.5. Summary of Osmium Beha viour
Al thoug h less active than other F i s c h e r - T r o p s c h 
catalysts, the osmium cat alysts studied appear to have 
a c t iv ity similar to the C o balt-S pi nel s o l i d - s o l u t i o n - d e r i v e d  
catalysts. At 1 atm the major product is methane and at 
this pr essur e the osmium cat alysts are inferior to the 
C o b a l t-Sp in el  ones at com par able tem peratures. At 
highe r press ures si gnifica nt qua ntities of higher 
hyd rocar bo ns  were seen and under these con ditions it 
would be in te resting to study the soli d- s o l u t i o n  derived 
catalysts to compare their per for ma nce with the osmium 
s y s t e m s .
In order to confirm any pretre at ment or pr ec ursor
effects more work is ne c e s s a r y  on these systems. In 
p artic ul ar  it will be n e c e s s a r y  to carry out 
c o mp rehens iv e spectr os copic c h a r a c t e r i z a t i o n  of 
catalysts prior to and after cata ly tic studies. The 
method of pr epa ring these cat alysts by the incipient 
wet ness technique requires further investigation.
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Com put er P r o g r a m  for Mass S p e c t r o m e t r i c  Analysis
M S  SiriioRe5 ^ alysis ProSram (Condensed)
REM By A.J.Rennison 1982,1983,1987
CLS
REM Input of data and dimensioning
DIM f(12),g(12),h(12),i(12),j(12),k(12),1(
a=0
FOR 1=12 TO 18
PRINT"Mass No" ;1 , v
INPUT "Length of line in mm";a(j) 
a=a+a(j)
NEXT j
FOR 1=24 TO 32
PRINT "mass no":j
INPUT "length of line in mm";a(j)
a=a+a(j)
NEXT j
FOR 1=37 TO 44 
PRINT"mass no";1
INPUT "length of line in mm";a(j) 
a=a+a(1)
NEXT j
REM end of raw data input
g(l)=a(26)*1.605
ruix j “ j j  i u  jkj
PRINT "mass no":j , v





































































1( 10)=1 ( 1)+1 ( 2)



























REM above for water



















q=q( l)+q( 2)+q( 3)+q(4)+q(5)+q( 6)+q( 7)+q(8)+q(9)+q( 10)+q(ll) 
LPRINT ’Fraction of lines analysed ";q
